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I N T R O D U  CTIOJS 
T h c  o r i g i n a l  aim of the  S u n b l a z c r  p r o g r a m  is i l l u s t r a t e d  i n  F i g .  1 .  
T h e   r a d i o   s j g n a l   p r o p a g a t i n g  a long  t h c   l i n e - o f - s i g h t   f r o m   s p a c e c r a f t   t o  
Ear th  c a n  p r o b e  m u c h  c l o s e r  t o  Lhe Sun Lhan a n y  s p a c e c r a f t  c a n .  To 
p r o b e   c l o s e l y  the Sunl>lazer  does not   have  to   wiLhstand  inlense  heat   nor  
does i t  have  to be  propel led  wi th  an  unusual ly  h igh  impulse  L O  o v e r c o m e  
the cen t r i fuga l  po ten l i a l  Imr r i e r  ( i .  e . ,  r e m o v e  EarLh's o rb i t a l  ve loc i ty  
a n d  f a l l  in c l o s e  t o  the  Sun) .  In s t ead ,  t he  impu l se  r emoves  on ly  a 
f r a c t i o n  of t he  E a r t h ' s  o rb i t a l  ve loc i ty ,  and the  c ra f t  f a l l s  i n to  an e l ip t i ca l  
o rb i t  w i th  a p e r i o d  s h o r t c r  t h a n  a y e a r ,  s u c h  a s  t he  3 /4 -yea r  o rb i t  t ha t  
MIT s c l e c l c d .  Thc I - e l a t ive  unol. ion bet.ween spacecraft  and Earth then 
h a s  the f r e q u e n c y  of the "beat"  between the two o r b i t a l  r a l e s  ( 4 / 3  o r b i t /  
y e a r  - 1 o r b i t / y e a r  = 1 / 3  o r b i t / y c a r ) .  The supcr ior   conjuncl ion ,   when 
the s p a c e c r a f t  p a s s c s  b e h i n d  t h e  Sun, o c c u r s  af ter  a half  per iod o f  Lhe 
b e a t  f r e q u e n c y  (4 X 3 y e a r s / r e l a t i v e  o r b i l  1: 1 .  5 y e a r s  = 1 6  monL-Ils). 
F i g u r e s  2 and 3 show L W O  3 / 4 - y e a r  o rb i t s  w i th  18  m o ~ ~ t h s  t o  c o n -  
junction, onc f o r  J u l y  l aunch  and  one for D e c e m b e r  ( n e a r  the t i m e  of 
Ea r th ' s   ap l l e l ion  ant1 p( : r ihe l ion   respcc t ivc ly) .  These o rb i t s ,  r e p r o d u c e d  
f r o m  t h e  S l ~ n b l a z e r  r c p o r t ,  arc' in  a roLaLing coordinate s y s t e m  i n  whi.ch 
Lhe Sun a n r l  S u n - E a r t h  l i n c  a r e  f i x e d .  E a c l l  loop o c c u r s  a t  t h c  s p a c c -  
c r a f t ' s  apl1elion. By put l ing  one of Lhcse  loops behind the Sun,  [hc  M I T  
orb i t  ach i .cvcs  t h e  a d v a n t a g e  of a t r i p l e  conju l ic t ion  as  i l lus l l -a ted  in  t h e  
solar encounLer profi1.c view ;1hove e a c h  o r b i l  diagram. T r i p l e  c o n -  
junct ion prolongs the in1portanL pcriod in  which the Sun-Ea1-th l ine-of-  
s i g h t  p r o b e s  the r e g i o n  c l o s e  to tllc Sun. The way  these  o r b i t s  a r e  
projec.tct1 on the  p a p e r ,  JVesL i s  on t h e  r igh t  and  Nor lh  i s  do\\ ,n in the 
cncounLcr  profile  vi(?\\ , .   Each  ( lot  r e p r c s c n t s  ten clays. F r o m  a ~ U J ' C I Y  
o r b i t a l  p o i n t  of vie\\,, the Ju1.y la1lnch i s  s u p c r i o r ,  b c c a u s c  the p r o l ~ e  
spends slighLly m o r e  t ime behi!~t l  Lhe Sun. I-lo\k,ever, t h i s  p u t s  conjunction 
in  Janua ry ,  s o  Lhe c o n j u n c t i o n  e x p e r i m c n [ s  \vou ld  Lakc p lacc  in  the w i n t e r  
\vhen Lhc Sun is lo\v in the sky  and  days a r e  short ,  unless the  t racking  
sLaLions are in the Southern I l c m i s p h e r e .  F o r  this reason a 1Ieccn;bcr 
o r  F e b x a r y  l a u n c h  is  p r o b a b l y  p r e f e r a b l e .  The F e l l r u a r y  launch o r b i t  
l ooks  n ~ u c h  l i k e  t he  Dccen lbe r ,  c sccp t  t he  o rb i t  loop is  near  I:he East 
l i m b  of t h e  Sur. i n s t e a d  of t he  JVest. J anua ry  l au r , ch  i s  poor  because  
the  o rb i t  l oop  i s  m o s t l y  occu l t ed  b y  the S u n ' s  d i sc .  
The  d i s t ance  deno ted  by  b in F ig .  1 i s  v e r y  iumporlant to our 
a n a l y s i s  a n d  d i s c u s s i o n s ,  b e c a u s e  i t  i s  the  d i s t ance  f r o n ]  the Sun to the 
p a r t  of t h e  corona  \vh ich  i s  denses t  and  the re fo re  has t h e  s t r o n g e s t  
e f f ec t  on r a d i o  p r o p a g a t i o n .  T h i s  d i s t a n c e  has b e e n  c a l l e d  " i m p a c t  
p a r a m e t e r ,  ' I  " so la r  e longa t ion ,  ' I  "path offset" and p r o b a b l y  o t h e r  n a m e s .  
W e  c a l l  i t  "path offset.,  I '  a d h e r e  t o  the s).mboI b , a n d  follow Lhc c o n -  
vent ion of m e a s u r i n g  i t  i n  s o l a r  r a d i i ,  696 M m ,  which  w e  s h a l l  a b b r e -  
v i a t e  "solrad. I '  W e  a l s o  use  " s o l r a d "  to  dcno tc  the  anfile c i n  un i t s  
of 0 .  2 6 6 O ,  t h e  a n g u l a r  r a d i u s  of the Sun a s  s e e n  f r o m  E a r L h .  
Probing  the  corona  wi th  rad io  s igna ls  i s  no t  ne \v ;  we r cv icw cxperi - 
ments  in  which probing was accotmplishccl  \vi th  celest ia l  radio sources  
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( r a d i o   s t a r s )   a n d   w i t h   s p a c e c r a f t ,   w h i c h   w e r e   d e s i g n e d   f o r   o t h e r   p u r p o s e : ; .  
bu t   happened   t o   pas s   beh ind   t he   co rona   a f t e r   t he i r   mi s s ion  was o v e r  1x11 
t h e  r a d i o  w a s  s t i l l  a c t i v e .  
R a d i o   a s t r o n o m e r s   h a v e   d e d u c e d   m u c h  about  s t reams and  b lobs  of 
p l a s m a   i n   t h e   c o r o n a   b y   s t a t i s t i c a l l y   s t u d y i n g   t h e   s c i n l i l l a t i o n   ( r a d i o  
power  f luc tua t ions )  of t he  s igna l .  However ,  t he  d i f f e rence  be lween  
s t u d i e s  w i t h  t h e  i n c o h c r e n t  s i g n a l  f r o m  a ce l e s t i a l  sou rce  and  the  coh~ : rc~! -~+  
o n e   f r o m  a s p a c e c r a f t  i s  v e r y  c r u d e l y  a n a l o g o u s  t o  s t u d y i n g  s m a l l  o ! \ j cc i -  
b y  t h e i r  s h a d o w s  o r  b y  m a k i n g  h o l o g r a u l s  of t hem.  The g e o m e t r i c  S I I ~ . ~ I ( I V :  
i s  m o s t l y   l o s t   i n  the f a r   f i e l d  by d i f f r ac l ion   a round  l h e  e d g e s  of the olljcct!, 
b u t  t h e  h o l o g r a m  r e t a i n s  p h a s e  i n f o r m a t i o n  l h a t  a l l o w s  r e c o n s l r u c t i o n  of 
the  or ig ina l  wavef ront .  T h e  a n a l o g y  is  very  1 imi . tcd  hou 'ever ,  because  
o u r   s c a n  of the  wavefront  i s  m o s t l y  o n e - d i . t n e n s i o n a 1  ( h 6 I o g r a n l s  a r e  t \><.o-  
d i m e n s i o n a l ) ,  a n d  b e c a u s e  t h c  c o r o n a  r e l u s c s  t o  hold s t i l l  whi lc  \\:e S C ~ L J - I  
t he  ampl i tudes  and  phases  (wi th  r e l a t ive  o rb i t a l  ve loc i ty ) .  
A n l easu rc  tha t  on ly  a cohc ren t  sou rce  can  g i \ r e  is the total colulll!1:! ,. 
e l c c l r o n  d e n s i l y ,  I , i. e .  , 1I1e n u m b e r  of e l cc t rons  in  a coluI17n of uniL 
c r o s s - s c c t i o n  t h a t  c x t e n d s  f rom s p a c e c r a f t  to  EarLh. l 'his quantity is 
m e a s u r e d  t h r o u g h  the to ta l  rad io  phase  sh i f t :  o r  the pulse d c l a y  t i m e  t h a t  
resu l l s  f r o m  t h e  p l a s m a  r e f r a c l i v e  index. This i n d e x  i s  a c c u r a t e l y  gi\.c.lI 
by  the  fo rmula  in  Tab le  I , w h i c h  i n c l u d e s  a w i d e  v a r i e t y  of quan t i l i c s  
f r e q u e n l l y   u s e d   i n   t h i s   r e p o r t .  
The MI'T S u n b l a z e r  slutiy was basccl  on l h e  capal~iliL.ies of thc  Scout  
b o o s t e r .  We a d h c r e  t o  this const . ra int  o \v ing  to  l h e  re lat ive econonly ol 
Scou t  l aunchcs .  ' r hc  p r o l x  is  considerc:cl  to  be sp in  s t ab i l i zcd  and Sun.- 
o r i en ted ,  s ince  the  Sun provides  the  only  rc fe~ .ence  c l i rec t ion  cas i ly  
l o c a t e d  w i t h  s i m p l e  s e n s o r s  f r o m  the  unguidcd  spinning condit.ion of 1hc 
payload  af te r  in jec t ion  b y  thc  Scout .  The Scou t  sp in  r a t e  i s  1 4 0  to 1 8 0  1 . 1 ) ;  
w h i c h  m u s t  bc clespun to aboul 1 r p m  b e l o r c  t h c  p a y l o a d ' s  a t t i t u d e  is 
c o n t r o l l a b l c  b y  s o l a r  p r e s s l l r e .  T w o  g r a p h s  show the payload capalJil i l!  
i n  3 / 4 - y c a r  o r b i t ,  58 to 7 5  p o u n d s  a t  0 .  65 a .  u .  IIo\::cver, t h c s c  g r a p h s  
r e f e r  t o  t h e  e c l i p t i c  plane, and i t  is v e r y  d e s i r a l > l c  t o  probe  thc  corona  
o u t - o f - p l a n e  a s  fax- as p o s s i b l c .  H e n c e ,  t h e s e  m a s s e s  s11oulcl he regarclcci 
a s  u p p e r  l i m i t s .  F i g u r e  4 i s  t he  pay load  g raph  lo r  5 s t a g e s  witlloul- 
Algol 111, a n d  F i g .  5 with Algo l  111. 
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T A B L E  I 
FREQUENTLY USED QUANTITIES 
SUN:  Vi s ib l e  r ad ius  of s u n  ( s o l r a d  f o r  s h o r t )  = 696 Mm 
A n g u l a r   r a d i u s   s e e n  f ro tn  E a r t h   ( a l s o   s o l r a d )  = 0.266: 
= 4. 6 4   m s a d i a n  = (1 /3. 8 ) 
Rota t ion   pe r iod  of S u n   ( e q u a t o r i a l )  s 2; d a y   ( s i d e r e a l )  
= 27 days  ( synodic)  
Rad ius  of Sun a t   S - b a n d  freq. = 4 s o l r a d  = 1 
P h a s e  of 11  y e a r   s u n s p o t   c y c l e :  
0 
Minima  in  1954 ,  1965  
Maxima in  1959,  1970 
SOLAR RADIATION: 
Particles: 
Veloci ty  of f a s t   e v e n t  = 1500 k m / s e c  
. Veloci ty  of so la r  wind  = 300 k m / s e c  at E a r t h ,   s l o w e r   n e a r   t h e  Sun .  
Solar  wind  dens i ty  = 3-10 p r o t o n s / c m 3 ,   b u r s t s  of 70 a t   t i m e s  
P l a s m a   r e f r a c t i v e   i n d e x ,  
p = p h a s e ,  g = g r o u p ,  N = e lec t ron   dens i ty  
i n  cm , a n d  f = f r equency  in  Hz - 3  
e 
Sunlight:  
S o l a r   c o n s t  at e a r t h  1. 35 k w a t t s / m 2  f l O %  r andom  f luc tua t ions  
every   few  days .  
EARTH:  
Radius  of e a r t h  = 6. 38 Mm 
E a r t h ' s  o r b i t a l  v e l o c i t y  = 30 k m / s e c  = 2 n  r a d / y r  
= 1° /day  -7  
= 2. O X IO r a d / s e c .  
E a r t h ' s   e s c a p e   v e l o c i t y  = 11. 2 k m / s e c  
O r b i t  r a d i u s  = 1 a .u .  = 1496 M m =  215  so l r ad  
HARDWARE: 
MIT  sunb laze r :  28  I b s ,  20" diam. 6. 8'' height  
Scout  Boos tcr :  Spins  140 to 180  rpm,  pay load  25  to 75 Ibs 
depending on 4 o r  5 s t ages ,  w i th  o r  w i thou t  
Algol 111, d i s t a n c c   o r b i t  goes out  of ec l ip t ic  p lane .  
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F r c q u c n t l y  Used  Q u a n t i t i e s  (cont inued)  
JPL G r o u n d   F a c i l i l i e s  
a t  S- Band: No i se   Temp.  - 27OK lowes t  
210 f t  parabolo id  an tenna  - 61. 8 db  ga in  
85  f t  parabolo id  an tenna  - 54 db  g a i n  
Power Loss a t   R a n g e  of 
2 a.u. : o m n i  to 210 f t  antenna,  -207db 
omni  to  85  f t  an tenna ,  -215db 
UNITS AND  CONVERSION  FACTORS: 
1 arc sec = 4 . 8 5 ~  r a d  
1 m r a d  = 3'26" , 3. 44' 
1 y e a r  = 3.156 x lo7 s e c s  TT x 10 sec 
1 day  = 8.640 x lo4 sec 
1 r a d l s e c  = 9.549 rpm 
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CONCLUSIONS A N D  RECOMMENDATIONS 
T h e   m a j o r   f e a t u r e s  of t h e   S u n b l a z e r   e x p e r i m e n t s  as p roposed   by  
MIT a rc  
J. 
-0 two  f requencies   in   the  V H F  band, 70  MHz  and 80 MHz, 
-0 
4- a downl ink   propagal ion   exper iment   us ing   h igh-power   pu lses  
and   p seudorandom  codes ,  
;k a s p e c i a l   p u r p o s e   r e c e i v i n g   f a c i l i t y   a t   E l   C a m p o ,   T e x a s   w i t h  
a l a r g e  VHF d i p o l e   a r r a y   h a v i n g  50 db gain.  
T h e   l a r g e   d i p o l e   a r r a y  is r e q u i r e d   a t   t h e   f r e q u e n c y  MIT s e l e c t e d   f o r   l a c k  
of ex is t ing  fac i l i t i es  wi th  suf f ic ien t  ga in .  In c o n t r a s t  to lMIT o u r  s t u d i e s  
e m p h a s i z e  the economy of u s i n g   p r e s e n t l y   a v a i l a b l e   a n t e n n a s   a n d   t h e  
advan tages  of m a n y   p a r t i c i p a n t   t r a c k i n g   s t a t i o n s   t o   m a i n t a i n  a n e a r l y  
con t inuous  t r ack  and  the reby  obse rve  in f r equen t  so l a r  even t s ,  mos t  of 
wh ich   wou ld   be   mi s sed   by   pa r t - t ime   t r ack ing .  
Conc lus ions  
F requency .  -Our  s t ronges t  conc lus ion  is t h a t  s o l a r  p r o b e s  e m p l o y -  
ing   r ad io   p ropaga t ion   shou ld   employ   much   h ighe r   f r equenc ie s   t han   t hose  
recommended by  MIT.  In  fac t  they  should  employ  the  h ighes t  of the 
f r e q u e n c y   b a n d s   r e a d i l y   a v a i l a b l e   f o r   s p a c e   c o m m u n i c a t i o n   i n   t h e  NASA 
d e e p   s p a c e   n e t ,   m o s t   l i k e l y  S-  a n d   X - b a n d   f r e q u e n c i e s   u s i n g  the 85 foot 
p a r a b o l o i d  a n t e n n a s .  T h e  r e a s o n s  f o r  t h i s  c h o i c e  a r e  m a n y  a n d  c o m -  
pe l l ing .  The  most cogen t  of t h e m  are:  
J .v A r e v i e w  of t he   s t a tus  of knowledge   conce rn ing   t he   so l a r  
co rona   shows   t ha t   t he   mos t   impor t an t   ques t ions  to b e   a n s w e r e d  
pe r t a in . to   t he   r eg ion   on ly  a f e w   s o l a r   r a d i i   ( s o l r a d )   f r o m   t h e  
S u n ' s  s u r f a c e .  M u c h  of th i s  reg ion  would  be  e f fec t ive ly  
opaque  to the  lower  r ad io  f r equenc ie s .  Even  a t  S -band  t h e  
S u n ' s  r a d i o  r a d i u s  e x t e n d s  to 4 s o l r a d .  A t  l o w e r  f r e q u e n c i e s  
the  opaque  rad ius  is unknown,  but  ev idence  sugges ts  tha t  i t  
e x t e n d s   a t   l e a s t   a s  far a s  7 s o l r a d   a t  VHF. 
$ Of ex i s t ing   f ac i l i t i e s   t h roughou t   t he   wor ld   wh ich   may   be  
ava i l ab le  €o r  a c o o p e r a t i v e  e f f o r t ,  t h e r e  seems to b e   a n  
abundance  of 85 foot paraboloids   with  high  gain  in   thc  S-band 
reg ion .  The  ava i lab i l i ty  o€ t h e  m u l t i p l e  f a c i l i t i e s  a s s u r e s  
m a x i m u m   d a t a   f r o m   t h e   m i s s i o n   a n d   t h e   o b s e r v a t i o n  of m o s t  
of t h e   s o l a r   e v e n t s   t h a t   o c c u r   d u r i n g   t h e   m i s s i o n .  
=:: A t  h i g h e r  f r e q u e n c i e s  a combina t ion  of an tenna   ga in   and  
r e d u c e d   n o i s e   m o r e   t h a n   c o m p e n s a t e s   f o r   t h e   d e c r e a s e d  
p l a sma   i n t e rac t ion   be tween   t he   r ad io   s igna l   and   t he   p l a sma .  
H e n c e ,   h i g h   f r e q u e n c y   p e r m i t s   m o r e   a c c u r a t e   e x p e r i m e n t a l  
m e a s u r e m e n t s .  
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.*, -,. V e r y  i l n p o r t a n t   a d v a n t a g e s   r e s u l t  f r o m  p e r f o r m i n g   p r o p a g a -  
t i on  experiments in  the s o - c a l l e d  wcalc s c : a t t e ~ - i n g  r e g i m e  i n  
w h i c h  the irregu1,ariLic:s in the sol.ar plasuna d o  n o t   p e r t u r b  
t h e   p h a s e  of the  rad io  wavefront  m o r e  than 1 raclian I ms. 
E v e n   X - b a n d  is J I O L  h igh   enough  f requency  Lo m a i n t a i n   t h i s  
d e s i r a b l e  c o n d i t i o n  i n  t h e  i n n e r  c o r o n a .  T h e  t r o u b l e  w i t h  
s t r o n g  s c a t t e r i n g  is Lhat t he  ma themat i ca l  so lu t ion  of the 
propagaLion p ~ - o b l e m  is  s o  diff icul t  that  l i t t lc  confidence is 
p l aced  in  the  r e l a t ionsh ip  be tween  co rona  parameters and 
r a d i o  m e a s u r e m e n t s .  G i v e n  a s e t  of o b s e r v e d  radio p r o p a -  
ga t ion  measu remen t s  one  canno t  so lve  the  p ropaga t ion  
p rob lem  even   w i th   t he   l a rges t   d ig i t a l .   co rnpu le r s  f o r  all 
p o s s i b l e   m o d e l s  of t h e   c o r o n a  Lo s e e  if 1norc than one m o d e l  
wou ld  exp la in  the  g iven  r ad io  da t a .  Moreove r ,  l a rge  ang le  
m u l t i p l e  s c a t t e r i n g  of r a d i o  r a y s  t e n d s  to b lur  the  de la i led  
f e a t u r e s  of s ing le  sca t l e r ing  func t ions ,  \vhich p l ays  a m o r e  
d o m i n a n t   r o l e   i n   t h e   w e a k   s c a t t e r i n g   r e g i m e .  
.I_ 
SI. S o l a r   e x p e r i m e n t s   c o n d u c t e d   a t  J P L  u s i n g   M a r i n e r  IV and 
P i o n e e r   V I   h a v e   p r o v c n   t h a t  Lhe solar c o r o n a  n l a y  be s tud ied  
by  t echn iqucs  tha t  a r e  now slandard for d c e p  s p a c e  even  
though t h o s e   p a r t i c u l a r   s p a c c c r a l t  \\ 'ere d e s i g n c d  f o r   o t h e r  
p u r p o s e s  a n d  no1 optinlizecl f o r  t h e  s o l a r  e s p e r i n ~ e n t .  H e n c e ,  
ex t r a  cos t  and  c l eve lopmcn t  r i sk  Xvould n e c d l c s s l y  r c s u l l  from 
n u n - s l a n d a r d  f r c q u e r l c i c s  o r  t e c l ~ n i q u e s .  T h c  bcs t  tc.chni.ques 
a r e  :IJoSe t h a t   a r e   s t a n d a r d   s p e c i f i c a l l y   f o r  d e e p  space a s  
opposed  to  sa l .c l l i . t cs  in  near  space .  X-band is being  dcvcloped  
f o r  deep space Lclen~et ry ;  a l thougl l  iL i s  n o t  ye t  s l a n d a r d   a s  i s  
S -band.  
" L i n k Di.rection. ___. - W e  a l so   conc ludc   t ha t  the pr-opagaI.ion e x p e r i m e n t  
should bc done on the upl ink  f rom ground to  spacc :craf l  ins lead  of the d o w n -  
l i nk .  Th i s  i s  n o t  a s  s t r o n g  a c o n c l u s i o n  a s  the one regarding the choi .ce  
of f r e q u e n c i e s ,  b e c a u s e  m a n y  c o m p l e x  f a c t o r s  a r e  i n v o l v e d  i n  t h i s  dec i s ion .  
I n   m a n y   w a y s  a do\ t~nl ink cxpcriment  would be preferal- , le  because i t  
would p e r m i t  Lhe e x p e r i m e n t e r  t o  c x a m i n e  Lhe raw da ta  and  e l imina te  the  
n e e d  f o r  a s c p a r a l c  t e l c m c t r y  l i n k .  B y  c o n l r a s t  a n  u p l i n k  e x p e r i m c n t  
r equ i r e s  t ha t  t he  da t a  be a t  l cas t  p a r t i a l l y  r e d u c e d  a u t o m a t i c a l l y  on 
b o a r d  the s p a c e c r a f t  s o  t ha t  the r e s u l t s  of the  reducl ion  have  fewer  b i t s  
of i n f o r n ~ a t i o n .  The r e d u c e d  d a t a  c a n  bc t r a n s m i t t e d  to  E a r l h  on a s low 
d a t a - r a t e  t e l e m e t r y  link. T h i s  was t he  mode  of ope ra t ion  in  the  S tan fo rd  
P i o n e e r  VI1 e x p e r i m e n t .  H o w e v e r ,  t h e  o v e r r i d i n g  c o n s i d e r a t i o n  is  the 
l a r g e  a m o u n t  of p o w e r  t h a t  c a n  be Lransmit ted o n  the upl ink.  F o r  e x a m p l e ,  
i t  is s t r a i g h t f o r w a r d  t o  t r a n s m i t  a b o u t  3. 3 w from a s p a c e c r a f t   o r  1 0 0  Icw 
f r o m  t h e  g r o u n d ,  o r  wil:h m o r e  d i f f i c u l t y  1 0  w and  300  k w .  In  e i the r  
e x a m p l e  t h e  r a t i o  i s  3 X 10 . OLher  cons idera t ions  reduce  th i s  up l ink  
a d v a n t a g e ,  e s p e c i a l l y  r e c e i v e r  n o i s e ,  ( s e e  t he  L ink  Ana lys i s  s ec t ion ) ,  
bu t  the  poin t  here  is  tha t  t he  power  r a t io  i s  Lhe ove r r id ing  e f f cc t  t ha t  
f a v o r s  the uplink.  No mal : t c r  how po\\.eriul the l ink,  m o r e  power  is  a l w a y s  
use fu l  t o  p reven t  loss of s ignal  c lur ing Lhe m o r e  i n t e n s e  s o l a r  d i s t u r b a n c e s ,  
t o  main ta in   t r ack   du r ing   deep   s igna l   f ades   r e su l t i ng   f rom  sc in t - i l l a t i on ,   and  
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to  re l ievc  Lracking  schcdules  by  br inging  s ta t ions  w i t h  s m a l l e r  a n t e n n a s  
on the l ine.  
A n  i m p o r t a n l  c o n s i d e r a l i o n  i n  p e r f o r m i n g  t h e  e x p c r i m e n t  on the 
u p l i n k  i s  t o  c a r e f u l l y  d e s i g n  l o g i c  c i r c u i t r y  f o r  [ h e  da ta  r t : duc l ion  r cqn i r ed  
on t he  spaccc ra f t .  Th i s  shou ld  a l low fo r  e v c r y  known type of s o l a r  cvent  
o r  corona phenolnenon,  s o  tha t  impor tan t  da ta  wi l l  no t  h c  l o s t  m e r e l y  
b e c a u s e  t h e  e x p c r i m c n t c r  d i d  no1 h a v e  a c c e s s  t o  r a w  c i a l a .  T h e  l o g i c  ancl 
t e l e m e t r y  \vi11 c o s t   a n   a p p r e c i a b l e   a m o u n t   i n  t e r m s  of t i m e  ancl nloncy,  
but  this  cxpensc  is cosl: effective in view of t he  addcd  hcne f i t s ,  t hc  ove ra l l  
c o s t  of a s p a c e  l n s s i o n ,   a n d  the v c r y  l i t t l e  extra wcight  tha t  th i s  circui. tI-y 
a d d s  to  a c ra f t .  Toclay  there  i s  c o n s i d e r a b l e  p r c c e d c r l t  f o r  d i g i t a l  c o r e  
s t o r a g c  of d a t a ,  s o l i d - s t a t e  l o g i c  c i r c u i t s ,  a n d  c o n ~ p l e x  d a t a  e n c o d i n g  on- 
board  s p a  c c c r a f t .  
The Spatial .  Exi.cnL. of C_e_l.ol_la_Pll_el7ornc!la. -A weakncss  in thc  co rona  
s tud ie s  to  d a t e  i s  t he  \vcalc indirect :  methods that  had to  11c used  Lo t l c . t e r m i n c  
the  spa t ia l  cs l -cn t  of phcnomcna  in  thc  co rona .  Since t h c  co rona  i s  m o v i n g  
r ad ia l ly  out f r o m  t h c  S u n  at. h igh  spccd ,  i t  is t l iff icult  t o  dcc id r :  w i th  cc r t a in ty  
w h e t h c r  a n  e v e n t  I.haL crosses the  l inc-of -s ighl .  i s  a long cvcnt  moving 
e spec ia l ly  f a s t  o r  a s h o r t  e v e n t  moving rc l a t ivc ly  s lowly .  A n  indcpendcn(:  
me thod  i s  tnccdcd t o  m e a s u r e  c i t h c r  t h c  v e l o c i b y  o r  s i z e  of c a c h  e v c n t ,  s o  
that  both the v c l o c i l y   a n d   s i z e   m a y  thcn be dccluccd from the  t imc in  nJhicl1 
e a c h  e v e n t  c r o s s e s  t h e  l i n c - o f - s i g h t .  
Wc t r ied  to  devise  var ious  schenlcs  for  mul t ip le  l ines-of -s i2111 to  a 
s ing le  c r a f t  s o  t h a t  e a c h  e v e n t  c o u l d  b e  o b s e ~ - v c d  t o  c r o s s  c a c h  l i n e  a n t l  
vc loc i ty  ca lcu la tcd  f r o m  the  t imc  d i f f e r c n c c .  T h e  only workab le  mc thod  
we found i s  mu l t ip l e  g round  s t a t ions .  The  C a m b r i d g e  g r o u p  of r a d i o  
a s t r o n o m e r s  ( H e w i s h ,  e l  a l )  h a s  o b s e r v e d  r a d i o  s o u r c c s  u i t h  m u l t i p l e  
s t a t i o n s   a n d   h a s   c r o s s - c o r r e l a t c d  the  r e s u l t s  t o  de t c rn l ine  the  ve loc i ty  
of t he  so l a r  w ind .  
T h e s c  c o n s i d e r a t i o n s  w e a k e n  t h e  c a s e  f o r  a n  up l ink  expe r imen t ,  
s i n c e  a n y  n u m b e r  of p a r t i c i p a n t s  c a n  o b s e r v e  s i n ~ u l t a n c o u s l y  o n  a do\\,nlinlc 
w i thou t  i n t e r f e r ing  wi th  each  o t h c r ,  o r  w i t h  p roper  func t ioning  of thc 
s p a c e c r a f t .  S i n c e  t w o  c a r r i e r  i r c q u e n c i e s  a r e  r e q u i r e d  f o r  any  plasma 
p r o b e  e x p e r i m e n t ,  t w o  g round  s t a t ions  may  pa r t i c ipa t e  in  an  up l ink  
exper imenl . ,  onc on cach  f r cqucncy .  Ho \vcve r ,  t hcsc  n ~ u s t  b e  c o o p e r a t i v e  
s t a t i o n s ,  b c c a u s c  t h c  c a r r i e r  ~ n o t l u l a t i o n s  m u s L  be  synchron ized ,  and  
t h e  c a r r i e r s  s h o u l d  b c  h a r m o n i c a l l y  r e l a t e d .  M o r e  t h a n  two uplink p a r -  
t i c i p a n t s  r e q u i r e  extra  equ ipmen t  on the  s lmcec ra f t .  
Corona  P h e n o m t ~ ~ a - .  -We conclude that  thc most  in lpor tan t  n1easurc-  
m e n t s   a r e   t h o s c   \ \ . l > i c h   g i v e   c l u c s   t o  hou, and where t he  so lar  wind  or ig ina tes  
on thc s u r f a c e  of t h c ~  Sun,  t h c  (1cnsi l .y  and veloci ty  s t ructurcs  abovc t h c  
po la r  r cg ions  of the  Sun, i .  e . ,  out of thc plane of the cc l ip l i c ,  antl t h c  
s i z e  a n d  s h a p c  of t hc  l a ] -gc r  s ca l e  i n  h o m o g e n c i l i c s  i n  t h e  s o l a r  c o r o n a .  
"
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R e c o m m e n d a t i o n s  
To m e a s u r e   t h e   c o r o n a   p a r a m e t e r s   d e e m e d   t h e   m o s t   i m p o r t a n t   w e  
r e c o m m e n d   t h e   d e t a i l e d   d e s i g n   a n d   c o n s t r u c t i o n  of a pay load   fo r  a Scout  
m i s s i o n   t h a t  is o p t i m i z e d   f o r   t h e   f o l l o w i n g   m e a s u r e m e n t s   l i s t e d   i n   o r d e r  
of i m p o r t a n c e :  
.II 
1. T h e   m e a s u r e m e n t  of c o l u m n a r   e l e c t r o n   d e n s i t y   b y   t h e   p h a s e  
m o d u l a t i o n   t e c h n i q u e   u s e d   a t   S t a n f o r d   i n   t h e   P i o n e e r  VI1 
e x p e r i m e n t .  
::< Counted   cyc les  of r e l a t i v e   p h a s e   d i f f e r e n c e   b e t w e e n   t w o   h a r -  
m o n i c a l l y   r e l a t e d   c a r r i e r s   f o r   p r e c i s e   m e a s u r e m e n t  of changes  
in e l e c t r o n   c o n t e n t   d u r i n g   t h e   t r a c k i n g   p e r i o d .  
.v, 
-0 P h a s e   j i t t e r   s t a t i s t i c s   c o r r e l a t e d   w i t h   s c i n t i l l a t i o n   s t a t i s t i c s  
t o  e v a l u a t e   t h e   p a r a m e t e r s  of s c a t t e r i n g  i n  homogene i t i e s  
w i t h   m o r e   p r e c i s i o n   t h a n   r a d i o   a s t r o n o m e r s   c a n   a t t a i n   w i t h  
sc in t i l l a t ion  only .  
.VI 
-8- Cor re l a t ion   be tween   l i nks   i nvo lv ing   two   o r   more   g round  
s t a t ions  spaced  5 0  k i l o m e t e r s  o r  s o  a p a r t .  T h e  c r o s s  
c o r r e l a t i o n s  of such  s igna l s  y i e ld  da t a  on  the veloci ty  
s t r u c t u r e  of t h e  s o l a r  c o r o n a .  
4, 
-8- S c a t t e r i n g   m e a s u r e m e n t s ,   i .  e .  t h e   m e a s u r e m e n t  of t h e   a p -  
p a r e n t  a n g u l a r  s ize  of t h e  c o h e r e n t  r a d i o  s o u r c e ,  t h e  b l u r  
c i r c l e   t h a t   r e s u l t s   f r o m   s c a t t e r i n g  of r a d i o  r a y s  a s  de tec t ed  
w i t h   r a d i o   i n t e r f e r o m e t e r s .  
T h e   l a s t   t w o   m e a s u r e m e n t s   h a v e   b e c n   c a r r i e d   o u t   e x t e n s i v e l y   b y   r a d i o  
a s t r o n o m e r s  u s i n g  c e l e s t i a l  r a d i o  s o u r c e s ,  a n d  a r e  t h e r e f o r e  of l e s s e r  
i m p o r t a n c e .  H o w e v c r ,  t h e r e  i s  v a l u e  i n  m a k i n g  t h e s e  m e a s u r e m e n t s  
s i m u l t a n e o u s l y  w i t h  t h e  o t h e r s ,  s o  tha t  Lhe c r o s s - c o r r e l a t i o n s  y i e l d  m o r e  
d e t a i l  a b o u t  t h e  c o r o n a  p a r a m e t e r s ,  o r  p o s s i b l y  d i s c r i m i n a t e  b e t w e e n  
p l aus ib l e  mode l s  of t he  co rona .  
We t e n t a t i v e l y   r e c o m m e n d  a n  u p l i n k   s y s t e m   a t  S- and X-band 
us ing   phase   modu la t ion   fo r   t he   e l ec t ron   dens i ty   measu remen t   a s   i n  
the  S tanford  exper iment .  Al though the  f requency  se lec t ion  is c l e a r  
cu t ,  the  upl ink  choice  cannot  be  made  f i rm unt i l  more  is known about 
p a r t i c i p a t i n g   g r o u n d   s t a t i o n s   a n d   a d d i t i o n a l   p a r a m e t r i c   a n a l y s i s  is 
p e r f o r m e d  011 weight ,  vo lume and  cos t  of t h e  r e q u i r e d  t e l e m e t r y  s y s -  
t e ~ n .  W e  r e c o m m e n d  a sp in - s t ab i l i zed  p robe  wi th  the  pass ive  a t t i tude  
c o n t r o l   s y s t e m  a s  descr i .bed in the  At t i tude  Cont ro l  sec t ion .  
W e  r ecommend  an  o rb i t  w i th  a t r ip le  super ior  conjunct ion  behind  
t h e  s o l a r  c o r o n a ,  m u c h  l i k e  t h e  o r b i t s  s t u d i e d  in the MlT Sunblazer 
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p r o g r a m .  H o w e v e r ,  t h e  c o n j u n c t i o n  s h o u l d  o c c u r  i n  t h e  s u m m e r  f o r  
m a x i m u m  t r a c k i n g  t i m e  a t  Lhe s t a t i o n s  in  the  h igher  la t i tudes ,  and  the  
orb i t  should  be c h o s e n  for  Lhc m a x i m u m   e x c u r s i o n   o u t  of the ecl ipt ic  
plane,  i. e . ,  the  maximum a l lowed by  payload  weight  and  boos ter  th rus t .  
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P R E S E N T  KNOWLEDGE O F  T H E  S O L A R  C O R O N A  
I n   t h i s   s e c t i o n   w e   s u m m a r i z e   t h e   s t a t e  of t he  cu r ren t  knowledge  
a b o u t  t h e  c o r o n a  a n d  i n t e r p l a n e t a r y  m e d i u m .  T h e  p u r p o s e  is  to  ident i fy  
a r e a s   i n   w h i c h   m o r e   k n o w l e d g e  is needed ,  pa r t i cu la r ly  i f  i t  i s  the kind 
of knowledge  tha t  may  be  ga ined  wi th  a s m a l l  r a d i o  p r o b e .  Tahe p l a s m a  
tha t   r ad ia t e s   f rom  the   Sun   beg ins   on   t he   su r f ace   i n  a w i d e   v a r i e t y  of 
t e m p o r a r y  s t r u c t u r e s  c a l l e d  e n h a n c e m e n t s ,  s t r e a m e r s ,  c o n d e n s a t i o n s ,  
p l u m e s ,  r a y s  a n d  f l a r e s .  S o m e  of t he  so l a r  w ind  may  even  o r ig ina t e  
i n   m u c h   b r o a d e r   a r e a s   t h a n   t h o s e   o c c u p i e d   b y   t h e s e   s t r u c t u r e s ;   t h i s  is 
one of t h e  m a j o r  q u e s t i o n s  r e m a i n i n g  to  b e  a n s w e r e d .  T h e  d e n s e r  p a r t  
of t he   p l a sma   wh ich   may   be   pho tographed   du r ing   ec l ip se   cons t i l u t e s  
the K co rona .  In  add i t ion  the re  i s  an  F c o r o n a  w h i c h  i s  m e r e l y  i n n e r  
zod iaca l   l i gh t   and   i s  of n o   c o n c e r n  to u s   h e r e   e x c e p t   a s   i t   i n t e r f e r e s   w i t h  
m e a s u r e m e n t  of the  p lasma.  Reca l l  tha t  zodiaca l  l igh t  i s  sunl i t  dus t  
concen t r a t ed  in  the  ec l ip t i c  p l ane .  As  the  p l a sma  goes  beyond  the  
v i s i b l e  c o r o n a ,  i t  i s  u s u a l l y  c a l l e d  t h e  i n t e r p l a n e t a r y  m e d i u m ,  a n d  t h e  
s t eady  componen t  t he reo f  is known a s  so la r  w ind .  Th i s  w ind  was  d i s -  
cover.ed in a cur ious  way by  not ing  tha t  someth ing  was  b lowing  the  ta i l s  
of c o m e t s  f rom the i r  expec ted  d i rec t ion  behind  the  comet .  
The   Solar   Wind 
Comets  f requent ly  have  two ta i l s ,  type  1 w h i c h  i s  p l a s m a  o r  
i o n i z e d  m a t e r i a l ,  a n d  a type 2 t a i l  t ha t  cons i s t s  of d u s t  a n d  o t h e r  d e b r i s ;  
s e e  F i g .  6 .  When type 1 ta i l s  were  or ig ina l ly  observed  to  behave  s t rangely ,  
a t t e m p t s  n e r e  m a d e  to. exp la in  th i s  in t e r m s  of s o l a r  p r e s s u r e ,  i .  e .  , 
l i g h t  p r e s s u r e .  B i e r m a n n  p r o v e d  t h a t  r a d i a t i o n  p r e s s u r e  a l o n e  is  
insuf f ic ien t  to  expla in  the  observa t ions ,  and  for  th i s  demonst ra t ion  he  i s  
u s u a l l y  c r e d i t e d  w i t h  t h e  d i s c o v e r y  of so l a r  w ind .  The wind  d i rec t ion  i s  
observed  to  f luc tua te  5 to 1 0  d e g r e e s  f r o m  r a d i a l  a n d  c a n  e v e n  p o i n t  
the come1 Lail f o r w a r d ;  l h a t  i s ,  t h e  t a i l ' s  o f f s e t  f r o m  t h e  r a d i a l  d i r e c t i o n  
can point ahead of the  comet  by  a v e r y  small ang le  in s t ead  of behind i t  
Brandl: ( R e f .  1 )  has  conducted  the  most  de ta i led  s tudics  of cornets .  H e  
found tha t  the  so la r  wind  speed  var ies  in  a manner   t ha t   co r re l a t e s   w i th  
g e o m a g n e t i c  a c t i v i t y  a n d  i s  m o r e  o r  Less independent  of the sun spot  
cyc le .  The  mean  speed  is about 500 k i l o m e t e r s  p e r  s e c o n d  a n d  t h e  
m i n i m u m  1 5 0  f50 k m / s .  S p e e d s  u s u a l l y  r a n g e  300  to  500 k m / s  and  
m a y  b e  h i g h e r  d u r i n g  p e r i o d s  of i n t ense  geomagne t i c  ac t iv i ty .  A l l  
t h e s e   f i g u r e s   a r e   f o r   d i s t a n c e s   f r o m   t h e   S u n  on the order  of 1 a .  u .  
A l t h o u g h  m a n y  c o m e t s  p e n e t r a t e  d e e p  i n t o  t h e  s o l a r  s y s t e m  f o r  c l o s e  
encountcrs  with the Sun,  none of the  da ta  on  these  i s  accura lc  enough to  
deduce  the  ve loc i ty  of t he   i nne r   so l a r   w ind .  
The  so la r  w ind  was  theo re t i ca l ly  p red ic t ed  and  has  been  ex fens ive ly  
s t u d i e d  b y  P a r k e r  ( R e f s .  2 81 3 ), who coined its name.  Weal<  lnagnet ic  f ie ld  
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p e r m e a t e s  t h e  s o l a r  p l a s m a .  T h e  l i n e s  of f o r c e  a r e  p rope l l ed  r ad ia l ly  
ou tward  by  the  so l a r  w ind ,  bu t  t hcy  gene ra l ly  r ema in  connec ted  to  the  
S u n ' s  s u r f a c e .  F r o m  s p a c e c r a f t  d a t a  we know tha t  the  f ie ld  s t rength  is 
2 to  40  x ~ O - ~  g a u s s   a t  1 a. u .  T h e  w i n d  m a y  h a v e  0.  4 to 80 i o n s / c m  , 3 
ave rag ing  abou t  5 ,  and  the i r  ve loc i ty  r anges  300 to 900 k m / s  a v e r a g i n g  
3 7 5  to 500  in  ag reemen t  wi th  comet  s tud ie s .  The  ma in  sourc , e s  of wind  
l i e  i n  the  r eg ion  of 10 to  2 5  deg rees  no r th  he l iog raph ic  l a t i t ude ,  and  the  
w i n d   a r r i v i n g   a t   t h e   E a r t h   c o m e s   f r o m  1. 6 O  east of the Sun owing to the 
in i t ia l  t angent ia l  ve loc i ty  of t he   Sun ' s   ro t a t ion .  
The  l a t i t ude  r ange  of t h e  s o l a r  s o u r c e s  is known by studying the 
synodic  per iod .  The  per iod  i s  the  appa ren t  ro t a t ion  pe r iod  of the Sun 
a s  o b s e r v e d  f r o m  E a r t h .  S i n c e  t h e  S u n  is  a ba l l  of g a s  i t  i s  n o t  r e q u i r e d  
t o   h a v e   t h e   s a m e   r o t a t i o n   r a t e s   a t   a l l   l a t i t u d e s  as a r igid body would,  
and  in  fac t  the  ra te  docs  vary  wi th  la t i tude .  Thus  s ludies  of long- l ived  
so la r  phenomena  de te rmine  the  he l iog raph ic  l a t i t ude  of e v e n t s   w h i c h   a r e  
not  v i s ib le  on  the  Sun ' s  d i sc  by  nol ing  the  la t i lude  s igna ture  in  the  
pe r iod ic i ty  of t h e  r e c u r r i n g  o b s e r v a t i o n .  
Axfo rd  (Ref .  4) d e s c r i b e s  t h e  s o l a r  w i n d  a s  a supersonic  f low,  
M a c h  5 to 10 ,  s i n c e  t h e  d i v e r g e n c e  of the wind, the gravity and the low 
p r e s s u r e  i n  i n t e r s t e l l a r  s p a c e  c o m b i n e  t o  i m i t a t e  a nozz le  in  the  supe r -  
c r i t i ca l  cond i t ion .  H e  n o t e s  t h a t  s o l a r  w i n d  i s  a c r u d e  t h e r m o s t a t  011 Lhe 
c o r o n a  m a i n t a i n i n g  i t  a t  1 to  2 m i l l i o n  d e g r e e s  K e l v i n .  T h e  m o r e  o r  less 
rad ia l  magnet ic  f ie ld  tends  to  conf ine  the  f low l o  re la t ive ly  th in  tu l les  o r  
j e t s .  The h igh  var iab i l i ty  in  the  wind  presumably  re f lec ts  the  h ighly  
va r i ab le  cond i t ions  on  the  su r face  of the Sun at  the foot  of e a c h   s t r e a m  
tube.  T h e  s t r e a m s  h a v e  s o m e  n o n r a d i a l  m o v e m e n l  w h i c h  i s  p r e s u m a b l y  
c a u s e d  b y  i n t e r f e r e n c e  of slow and  f a s t  s t r eams ,  t ubes  expand ing  and  
c o n t r a c t i n g  w i t h  t h e  p r e s s u r e ,  a n d  t a n g e n t i a l  n l o v e m e n t  c a u s e d  b y  r o t a -  
of t h e  S u n ,  w h i c h  t w i s t s  t h e  s t r e a m  t u b e s  i n t o  a n  A r c h i m e d e a n  s p i r a l  
l i k e  t h e  f a m i l i a r  w a t e r  s p r i n k l e r .  
T h e  A r c h i m e d e a n  s p i r a l  o b e y s  t h e  e q u a t i o n  
w - wo r - r  
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w h e r e  r is r ad ia l  d i s t ance  f rom the  Sun ,  u is so la r  w ind  ve loc i ty  
( a l w a y s   r a d i a l ) ,  n is  the   Sun ' s   angu la r   ve loc i ty ,   and  w is he l iog raph ic  
l o n g i t u d e .  P a r k e r  a n d  o t h e r s  h a v e  s h o w n  t h e o r e t i c a l l y  t h a t  u i n c r e a s e s  
r ap id ly  wi th  r nea r  t he  Sun ,  t hen  l eve l s  off and  is  roughly independent  
of r beyond 1 0  o r  2 0  s o l r a d .  P a r k e r  f i n d s  t h a t  u r a n g e s  f r o m  2 5 0  t o  
900  k m / s  d e p e n d i n g  o n  a s s u m e d  t e m p e r a t u r e s .  A t  1 a .u .  t h i s  ve loc i ty  
g ives  a s p i r a l  a n g l e  n e a r  45O t o  r ad ia l .  Th i s  ang le  i s  no t  to  be confused  
w i t h   t h e   p a r t i c l e   v e l o c i t y   a n g l e   w h i c h   a v e r a g e s  only 1.  6 O  f r o m   r a d i a l .  
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Think of t h e  p a r t i c l e s  a s  b e a d s  on  a s p i r a l   s t r i n g  Lhat r e p r e s e n t  a 
m a g n e t i c  fie1.d l i ne .  The  beads  s l i de  r ad ia l ly  ou tward  wh i l e  Lhe s p i r a l  
r o t a t e s .  
P a r k e r   f i n d s   t h a t   m e a n  f ree  pa ths   i n   t he  s o l a r  wind a r e  of the 
o r d e r  1 a.  u .  ; that  i s ,  t h e  p l a s m a  is a l .unos t  co l l i s ion less  on  the  sca le  of 
the  inner  so la r  sys tem.  The  iunp1ica l : ions  of a c o l l i s i o n - f r e e  ' p l a s m a  a r e  
i n t e r e s t i n g  b e c a u s e  v a r i o u s  f l u c t u a t i o n s  sild deviat . ions f r o m  t h e r m a l  
e q u i l i b r i u m  d o  no1 d i s s ipa t e  in  the manner  one  expec ts  wi th  co l l id ing  
p a r t i c l e s .  F o r  e x a m p l e  a n i s o t r o p y  a l o n y :  t h e  m a g n e t i c  f i e l d  i s  a l l o w e d  
a s  is  d i f f e r e n t  [ . e m p c r a t u r e  cf t h e  e l e c t r o n s  anc1 iol-ls T h e  l a t t e r  a r e  
r a p i d l y   c o o l e d   b y   a d i a b a t i c   e 2 p a n s i o n   a n d   a r e   e x p e c l e d   t o  b c  c o o l e r  
t han  the  e l ec t rons .  However ,  the  persistence of smal l  f luc tua t ions  in  
the solar  \v ind  dens i ty  i s  g rea t e r  t han  one would  expec t  even  fo r  a 
c o l l i s i o n l e s s  p l a s m a .  The o b s e r v a l i o n s  of thesc f luc tua t ions  wi l l  be 
d i scussed  in  connec t ion  wi th  the i r  effects on r ad io  p ropaga t ion .  P robab ly  
the o b s e r v e d  f l u c t u a t i o n s  at 1 a .  u. w i l l  e \ ~ e n t u a l l y  be exp la ined  as  f r e s h  
t u r b , u l e n c e   g e n e r a t e d   f a r   f r o m   t h e  Sun by  the  in te rac t ion  of f a s t  and  s low 
s t r e a m s  a ~ ~ d  by plasma i n s t ~ t b i l i t i c s .  
Synopt ic  s tud ies  (Ref. 5 )  have  co r re l a t ed  bo th  the  magne t i c  f i e ld  and  
t h e  v a r i o u s  p r o p e r t i e s  of t hc  p l a sma  to  the  Sun ' s  relation r a t e .  These 
s t u d i e s  s h o w  Lhal  Llle f i e l d  a n d  p l a s m a  p r o p e r t i e s  a r e  s t r o n g l y  s e c t o r e d  
by s o l a r  longiLucle. N e s s  i d e n t i f i e s  t h r c e  t ime s c a l e s  of even t s  i n  the  
p l a s m a  : 
1 .  m i c r o - s t r u c t u r e ,  less  than 1 hour  - s h o c k  w a v e s   a n d   d i s -  
cont inui t ies  in  the  dens i ty  and  magnet i . c  f ie ld .  
2 .  m e s o - s l r u c t u r e ,  1 to 1 0 0  h o u r s  - inc ludes   i i l aunents ,   k inks .  
3 .  m a c r o - s t r u c t u r e ,   g r e a t e r   t h a n  1 0 0  h o u r s  - sec to r ing ,   l eng th  
of fi launents.  
In s u m m a r y  t h e  d e t a i l e d  f e a t u r e s  of the  so la r  wind  have  a l a r g e  
a m o u n t  of m i c r o - s t r u c t u r e ,  n u m e r o u s  f i l a m e n t s  of magne t i c  f i e ld  and  
h i g h   e l e c t r o n   d e n s i t y   s e p a r a t e d   b y   M H D  ( lnagnetohydroc ly l7a l~ l ic )  d i s -  
c o n t i n u i t i e s .  Q u a s i - s t a t i o n a r y  s t r u c t u r e s  a r e  s e c t o r e d  b y  h e l i o g r a p h i c  
longi tude .  These  evolve  and  d ie  wi th  the e l e v e n - y e a r  s o l a r  c y c l e .  
G e o m a g n e t i c  S t o r m s  
The m a g n e t i c   s t o r m  on the  E a r t h  is a n o t h e r  m a n i f e s l a t i o n  of s o l a r  
p l a s m a .  In the " sudden  comn1cncemcn t"  s to rm t h e  hor i zz~n ta l  magne t i c  
f i e ld  on  E a r t h  i n c r e a s e s  i n  u n i n u l e s .  T h i s  i s  lollo\vcd by a l a r g e r  d e c r e a s e  
wh ich  r equ i r e s  abou t  a day. A f t e r  s e v e r a l  d a y s  the m a g n e t i c  f i e l d  r e t u r n s  
to n o r m a l .  This behav io r  has  becn  co r re l a t ed  wi th  v i s ib l e  f la rcs  on Lhe 
sun,  and the t ime.  delay bet \veen the e v e n t s  has been Limed to infer a s u r g e  
of w ind  dens i ty  wi1.h ve loc i t ies  in  the r a n g e  1 0 0 0  to 3000  k m / s .  A d i f f e ren l  
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type of m a g n e t i c   s t o r m   k n o w n  as a n   I ' M - r e g i o n   e v e n t ' '   r e c u r s   e v e r y  27  
d a y s .  T h e  s o u r c e  of t h e s e  s t o r m s  i s  n o t  o b v i o u s ,  b u t  i t  is known to come 
f r o m  low s o l a r  l a t i t u d e s ,  s i n c e  t h e  s y n o d i c  p e r i o d  a t  t h e  s o l a r  e q u a t o r  
is. 27. 3 d a y s .  
When a m a j o r  v i s i b l e  f l a r e  g i v e s  r i se  to  a geomagnc t i c  s to rm,  the  
in t ens i ty  of t ha t   s to rm  depends   upon   t he   he l iog raph ic   l ong i tude  of t.he 
f lare.  Th i s  dependence  is sha rp  enough  to  show t h a t  t h e  e j e c t a  a r e  
co lumna ted  in  a j e t  a n d  n o t  s p r e a d  o v e r  r o u g h l y  2rr s t e r a d i a n s  f r o m  
the  pos i t ion  of the  f la re .  .When the  source  of g e o m a g n e t i c  d i s t u r b a n c e s  
has  been  ident i f ied  on  the  Sun and  is observed  to  ro ta te  behind  the  Sun 
a n d  b a c k  m o r e  t h a n  o n c e ,  t h e n  i t  is poss ib l e  to  de t e rmine  the  ve loc i ty  
of t h e   s o l a r   w i n d   c o m p o n e n t   b y   p h a s e   d e l a y   b e t w e e n   t h e   m a g n e t i c   d i s -  
t u rbance  and  the  27 -day  synod ic  pe r iod .  Th i s  ca l cu la t ion  y i e lds  ve loc i t i e s  
in  the range 250 to  500 k m / s .  C l e a r l y  t h e  s o l a r  p l a s m a  h a s  c o n s i d e r a b l e  
s t r u c t u r e   w i t h   b o t h   f a s t   a n d   s l o w   s t r e a m s .  
The  Vis ib le  Corona  
The  so lar  wind  begins  in  the  corona  reg ions  immcdia te ly  sur rounding  
the Sun a s  shown in the front ispiece photographs.  These photo-  
g r a p h s  a r e  t a k e n  d u r i n g  e c l i p s e s  of the Sun, and the outer regi.ons of 
t he  co rona  g ive  the  d i s t inc t  impress ion  of a gas  be ing  l aunched  in to  space .  
H ighe r  r e so lu t ion  pho tographs  of t he  co rona  (e .  g . ,  those  taken  on the 
Swa thmore  exped i t ion  of 1930)  w e r e  d e s c r i b e d   b y   N e w k i r k  a s  having the 
a p p e a r a n c e  of a c o r o n a  t h a t  w a s  c a r e f u l l y  g r o o m e d  w i t h  a f ine  comb.  The  
in t ens i ty  of  Lhe c o r o n a l  g r e e n  l i n e  ( 5 3 0 0  A )  has  proven  to  be  a good index 
of i t s   k i n e t i c   t e m p e r a t u r e   a n d   i t s   p l a s m a   e m i s s i o n .  
T h e   e l e c t r o n   d e n s i t y   i n   t h e   v i s i b l e   c o r o n a   h a s   b e e n   m e a s u r e d   c a r e -  
f u l l y  b y  e c l i p s e  p h o t o m e t r y .  T h e  r a d i a n c e  h a s  b e e n  m c a s u r e d  a s  f a r  
ou t  a s  30  so l r ad .  However ,  conve r s ion  of the radiances to  re1. iable  
e l e c t r o n  d e n s i t y  is c o m p l e x  a n d  v e r y  d i f f i c u l t .  F i r s t  t h e  c o n v e r s i o n  
a s s u m e s   t h a t   a l l  of the  K c o r o n a  is  t h e  r e s u l t  of T o m p s o n  s c a t t e r i n g  of 
sun l igh t ,  an  a s sumpt ion  tha t  i s  p robab ly  va l id .  More  se r ious  i s  t he  
background  of F corona  o r  i nne r  zod iaca l  l i gh t  wh ich  ru ins  e s t ima tes  of 
e l ec t ron  dens i ty  beyond  abou t  1 0  s o l r a d .  P o l a r  e l e c t r o n  d e n s i t i e s  m a y  
be  about  ha l f  the  equator ia l  dens i ty  ( R e f .  6 ) .  Ney  (Ref .  7 )  could f i t  h is  
d a t a   f r o m   t h e   1 9 5 9   s o l a r   m a x i m u m   w i t h o u t   a s s u m i n g   a n y   e l e c t r o n s   a b o v e  
70° he l iog raph ic  l a t i t ude .  In  sho r t  t he  h igh  l a t i t ude  e l ec t ron  dens i ty  
e s t i m a t e s  a r e  m o s t  u n c e r t a i n .  T h e  d e n s i t y  s t r u c t u r e  m e a s u r e d  b y  
p h o t o m e t r y   w i l l   b e   s u m m a r i z e d  af ter  w e   d e s c r i b e   o t h e r   t e c h n i q u e s   b y  
wh ich   dens i ty  is m e a s u r e d .  
S p a c e c r a f t  P a r t i c l e  E x p e r i m e n t s  
Very   va luab le   con t r ibu t ions   t o   ou r   knowledge  of , t h e   s o l a r   w i n d  
have   been  made b y   t h e   d i r e c t   m e a s u r e m e n t  of p a r t i c l e   p r o p e r t i e s   a t  
19 
v a r i o u s  ? a c e c r a f t ,  b o t h  s a t e l l i t e s  a n d  deep s p a c e  p r o b e s .  ' I ' hese  cxpcr i -  
m e n t s  m ~ : a s u r e t l  e l e c t r o n  d e n s i t y ,  i o n  v e l o c i t y  a n d  m a g n e t i c  f i e l d  i n  t h e  
reg ion  i ron)  V e n u s  t o  M a r s  a n d  c s p c c i a l l y  n e a r  E a r t h .  T h e  w i n d  v e l o c i t y  
m e a s u r e m e n t s   a g r c e  \vith da t a  f r o m  comet  t a i l s  and  o the r  t echn iqucs  and  
a r e  found to  r a n g e  f rom about  300 to 8 0 0  k m / s  mos t   f r equen t ly   w i th   t he  
mean  abou t  4 0 0  to 500 Icm/s. 
A f r cquen t ly  c i t ed  work on  th i s  subjec t  i s  the  paper  by  Neugcbauer  
and Snyder  (Rcf .  8 ) i n  wh ich  they  p resen t  t hc  r e su l t s  i ron1  h l a r ine r  I1 
on i ts  n:ay to Venus.  T h e i r  d a t a  show an i n c r e a s e  in the  solar f l u x  a t  a 
r a t e  g r c a t c r  Lhan r , but  of c o u r s e  i t  i s  i m p o s s i b l e  to  s e p a r a t e  t c n ~ p o r a l  
v a r i a t i o n s  f r o m  spa t ia l  ones .  A n  i n t e r e s t i n s  c o r r e l a t i o n  a p p e a r s  w h c n  
t h e i r  d a t a  a r c  e x a n l i n c d  o n  a 27-d?.y pe~ . iod ic  p lo t ,  w h i c h  l ~ r i n g s  out  the 
e f f e c t s  o i  so l a r  ro t a t io l : .  The  pc r iod ic  d i sp l ay  sho \vs  pe r s i s t en t  s ec t - ions  
of solar  longi tude in  which the f l u s  h a s  greal:c:r velocity antl r educed  dens i ty  
for s c v c r a l  rotat j .ons.  The veloci ty  depends 11~~ucl l  m o r e  s t r o n g l y  or 
longitucle than on  d i s t a n c e  fro111 t he  Sun. h4ar incr  I1 iound a normal ion 
f lux  of 3 prot011s/c111~ with enhancements a s   h i g h  a s  70  p /cm3,  which  of ten  
r e c u r r c d  in 27 d a y s .  Somc  e n l ~ a n c c m e n t s  I a s t c d  s e v e r a l  c o n s e c u t i v e  d a y s .  
If a wiri(1 vc loc j ty  oi 4-09 I c m / s  i s  a s s u m e d  to I J C  ~ o r n m o n  a t  1 a. u. then 
the  observed c :~ :hancen~ents  cor rcsponcl  to lun1ps of d e n s e  p l a s n l a  a s  l a r g e  
a s  4 t o  20 M m .  
-2 
Mcasuren2cn t s  of t hc  in t e rp l anc ta ry  mag l l c t i c  f i e ld  by  spacec ra f t  
show a ren1arlcahly s ta l ) le  i ie lc l  s t rength in  the r a n g e  4 to  7 X 10 g a u s s .  
However ,  the  s i g n  of a f i e l d  c a n  r e v e r s e  i n  a t ime  in t e rva l  f r o m  10  
m i n u t e s  to  s e v e r a l  ~ O U I - s .  T h e  s t r e a m i n g  a n g l e  ol the  magnet ic  f ie ld  
usua l ly  corresponds t o  an  Arch i tmedean  sp i r a l  for veloci t ies  in  a r a n g e  
300  to 700 I c n 1 / s .  F r o m  t h e  d u r a t i o n  of t h e  i i c l d s  of the s a m e  o r i e n t a t i o n ,  
Ncwkirk  concludes  that the wiclth of a magnc t i c  bund le  l i e s  be twcen  0.  3 to 
3 Gm.  Cor re l a t ion  ( I i c f .  9 ) bctween t h e  d i r e c t i o n  of t he  in t c rp l ane tn ry  
f ic l t l  and thc arr ival  o f  c o s m i c  r a y s  suggestecl  that  the magnet ic  tul les  
of f o r c e  h a v e   o v e r a l l   d i m e n s i o n s  from 0. 7 to 6 Gm. 
- 5  
S t rong  ct a1 (Ref .  1 0 )  s t u d i e d  d a t a  f r o m  t h e  V e l a  LI sa t e l l i t e .  They  
f ind that  the solar  lvind var ies  fro111 the  r ad ia l  d i r ec t ion  + l o o  with an 
a v e r a g e  of 1. 5 O  e a s t  in ag reemen t  wi th  comet  clata (Ref .  11) .  In  f ac t  the  
solar wind has  heen  s tu t l iec l  by  spacecraf t  s o  thoroughly  i n  the 1 a .  u .  
r e g i o n   t h a t   i n   o u r   r e c o ~ ~ ~ m e n d a t i o ~ l s  we f a v o r  c x p e r j m e n t s  t h a t  e m p h a s i z e  
the  inne r  so l a r  sys t em.  Axfo rd  g i , , e s  a s u m m a r y  of s p a c e c r a f t  e x p e r i -  
m e n t s   r e p r o d u c e d   h e r e  a s  Table-  I1 . 
A c r o s s  c o r r e l a t i o n   m e a s u r e d   b e t w e e n  thc d i r e c t i o n  of t h e   i n t e r -  
p l ane ta ry  magne t i c  f i e ld  a t  1 a .  11. antl the tlircctj.on of t h e  magne t i c  f i e ld  
on the pho tosphe re  b y N e s s  and \Vilcox 1961, (Ref. 12) shows a deciclccl 
c o r r e l a t i o n  p e a k  a t  a clclay of 4. 5 rt . 5 d a y s .  T h i s  i n t e r v a l  c o n v e r t s  
d i r e c t l y  to a w i n d  vc loc i ty  of 385 i 45 k m / s ,  \vhich a g r e c s   w i t h   t h e   d i r e c t  
m e a s u r e m e n t  of 378 ItnI/s on  the I M P  I satel1it:c (Refs. 1 3  ?S 14) .  
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TABLE I1 
"~ . - . .  ." . 
Launch Date 
. "" 
2-X-59 
4-x-59 
12-11-61 
25-111-61 
16-VIII-61 
27-VIII-62 
3-X-61 
1-XI-62 
27-XI-63 
17-VII-64 
5-1x44 
~ - - . . 
Vehicle 
- -" .. 
Lunik-11 
Lunik-I11 
Venus-I 
Explorer-IO 
Explorer-12 
Mariner-It 
Explorer-14 
IMP-I  
h4ars-I 
(Explorer-IS) 
Vela-2a, -b 
OGO-I 
I M 1'-2 
(Explorcr-21) 
Mariner-1V 
Zond-2 
(Explorcr-?R) 
Vela-)a. -b 
Vcnus-111 
Vcnus-II 
Pioncer-VI 
Luna- I O  
OGO-3 
I hl P-4 
(Explorcr-33) 
Pionecr-VI1 
1MP-5 
Vcnus-IV 
A-IMP 
Marincr-V 
(Explorcr-35) 
Vcla-4a. -b 
' IMP-3 
- . ~ 
Designation 
. . . . .  ". 
1959 6 
1959 y 
1961 yl 
1961 K 
1961 v 
1962 n p l  
I962 f i l  
1962 8 ~ 1  
1963 4GA 
1964 40A/B 
1964 54A 
I964 60A 
I964 77A 
I964  76C 
1965 42A 
1965 58A/B 
1964 91A 
I965 92A 
1965 105A 
1966  27A 
1966 49A 
1966 56A 
1966 74A 
1967 51A 
I967 50A 
1967 58A 
I967 
1967 
4-X-64 
2s-XI-64 
30-Xl-63 
29-V-65 
20-VII-65 
I?-XI-65 
16-XI-65 
16-Xlt-65 
31-111-66 
7-Vl-66 
1 -VU-66 
17-VIII-66 
24-V-67 
12-VI-67 
14-VI-67 
19-VII-67 
....... __ 
Expcrimcnters 
.... - _" 
Ac. S c i .  (U.S.S.R.)h ' 
Ac.  Sci.  (U.S.S.R.) 
Ac.  Sci.  (U.S.S.R.) 
M.I.T." 
Ames 
J.P.L.g 
Ac.  Sci. (U.S.S.R.) 
Ames 
Arnes, M.I.T., 
G.S.F.C.C 
Los Alanios' 
Arnes, M.I.T.. 
G.S.F.C.,  A.F.C.R.L.d 
Anies, M . I . l . ,  
G.S.F.C. 
M.I.T., J.P.L. 
Ac.  Sci. (U.S.S.R.) 
Arncs, M.I.T.,  
G.S.F.C. 
Lo5 Alamos 
AC. Sci. (U.S.s.K.j 
Ac.  Sci.  (U.S.S.R.) 
Amcs. hl.I.l'.. Staldordc 
Ac. Sci. (U.S.S.R.) 
A.F.C.R.L. 
Anies,  M.I.T.,  G.S.F.C., 
M.IT., G.S.F.C. 
Ames, h{.I.T., Stanford 
M.I.T., Stanford 
M.I.T. 
L o s  Alanlos 
* M.I.T. :L htassachusctts Inztitutc or Tcchnolozy. (Dridge, Rocti, L37nrus, Egidi, Pai, Olbcrt, 
b Amcs = Amcs Iicscarch Center (N.A.S.A.),  (Endsr, \\'oil;.. S ~ l b a .  AlcKihb111, hlason, hlycrs), 
c G.S.F.C. = Goddnl-d S p x c  Flight Ccntcr ( N . A . S . A . I .  tScrbu. hlaier). 
d A.F.C.K.L.  =Air  Forcc  C;\mbr!dgc  Rcscnrch  I.aboratoric\. (Sa!p;?iyn. Snlidd)). 
Dil\rorlh.  Bonctti.  Lyon, Vss) . l~u~~n>.  I3inwA,  Schcrb.  hlorcno, J a c o b x w .  ll;!vi$). 
Stanford . =  Srnnrord  tinivcrsity.  Stanford  Kcsxrcll  Instltutc. I l31lcman, Carriott, Lcada- 
Los Alamos 7 .  Los Ala lnos  Scicrltific Laboratory.  (Strong.  Asbridge,  Hundhauscn, name, 
g J.P.L. : . Je t  I'ropul,inn Laboratory, Cnllfornin lnst1111tc orl~cchncdugy, (Snydcr. Ncugcbaucr). 
Ozcrov,  Rybchinsky, Batandin.!. Shllovshii ,   h~orol, l ;url .Khchhlov. ,\lusatov, BoldovsLii.Sliyt~lte, 
h Ac. Sci. (U.S.S.R.) - Ac;ldcrny of Scicnccs of the U.S.S.I<., > l o ~ o \ r . ,  (Cringauz. IkzruLiLh, 
Rytov,  Rcmizov). 
brand,  Pctcrson,  Ifow3rd,  I<ochlcr,  Long.  Lu<i!pan). . 
Gilbert. Gosling, Coon, rcllhauser. Honcs. Singcr. Olscm. Hccknwn).  
List  of spacecra i t ,  both satell i tes and p r o b e s ,  f o r  which experimental  
measurements o i  the i n t c rp l ane ta ry  plasma have becn publ i shcd  i n  
the l i terature,  af ter  Asiorcl  (lief. 4 ) .  
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I 
T h i s   s u b s e c t i o n  has  b e e n   r e s t r i c t e d   t o   t h e   p r o p e r t i e s  of t h e   p l a s m a  
m e a s u r e d   a t   t h e   l o c a t i o n  of t h e   s p a c e c r a f t   a n d  no t  the  rad io  propagat ion  
e x p e r i m e n t s   t h a t   i n t e g r a t e   t h e   e f f e c t s  of t he  p l a sma  a long  the  l i ne -o f -  
s i g h t   f r o m   s p a c e c r a f t   t o   E a r t h ,  as d i s c u s s e d  i n  t h e  n e s t  m a i n   s e c t i o n .  
O v e r a l l   D e n s i t y   a n d   V e l o c i t y   S t r u c t u r e  
F r o m  one to ten s o l r a d   t h e   o v e r a l l   e l e c t r o n   d e n s i t y  of t he  co rona  
is  found by ec l ip se  pho tomet ry .  In  the  ne ighborhood  of 200  s o l r a d  ( n e a r  
1 a .  u.  ) the d e n s i t y  i s  f o u n d  f r o m  d i r e c t  s p a c e c r a f t  ~ ~ ~ e a s u r e m e n t s .  I n  
be tween w e  have  l i t t l e  t o  go  on e x c e p t  the s t u d i e s  of n a t u r a l   r a d i o   s o u r c e s  
( r a d i o  s l a r s )  viewed through the i n t e r p l a n e t a r y  m e d i u m .  In pr inc ip l e  
the  i n t e r p l a n e t a r y  m e d j u r n  c a u s e s  a n u m b e r  of s ee ing  e f f ec t s ,  n a m e l y  
r e f r a c t i o n ,   a t t e n u a t i o n ,   s c a t t e r i n g   a n d   s c i n t i l l . a t i o n .   H o w e v e r ,   r e f r a c t i o n  
and   a t t enua t ion   a r e  s o  s m a l l   t h a t   t h e y   h a v e  n o t  b e e n   u s e d  f o r  quant i ta t ive  
w o r k .  Sca t t e r ing  and  sc in t i l l a t i on  wi l l  be  d i scussed  a t  g r e a t e r  l e n g t h  i n  
connec t ion  =,it11 Radio  Propagat ion  throupj l  the  in te rp lane t .a ry  medium.  
F o r  t h i s  s u b s e c . t i o n  w e  a r e  c o ~ - : c e r n e d  o n l y  w i t h  o b s e r v a t i o n s  of s c a t t e r i n g  
when the propagat ion path offset  i s  f r o m  10 to 80 s o l r a d .  
By mak ing  so11-1~ r a the r  poor  a s sumpt i . ons ,  t hese  sca t t e r i . ng  da ta  
a l low a c r u d e  e x t r a p o l a t j o n  of the e l e c t r o n  d e n s i t y  c u r v e  i n  t h e  m i s s i n g  
reg ion  bc : tween  photometr ic  and  space  probe  da ta .  Er ickson  1964 (Re f .  15)  
h a s  r e v i e w e d  s c a t t e r i n g  t h e o r y .  To  e x t r a c t  o v e r a l l  d e n s i t y  f r o m  these da ta  
i t  i s  n e c e s s a r y  to a s s u m e  ( a )  t h e  s c a t t e r i n g  of t he  co rona  i s  equ iva len t  
to a th in   phase   chang ing   s c recn ,  an approx ima t ion   t ha t  i s  val id  at h igh  
enough  r ad io  f r equency  a s  d i s c u s s e d  u n d e r  R a d i o  P r o p a g a t i o n ;  ( b )  the 
sca1.e length oi t h e   s c a t t e r i n g   i r r e g u l a r i t i e s   i n   t h e   p l a s m a   i n c r e a s e s   i n  
d i r e c t  p r o p o r t i o n  t o  r ,  t h e  d i s t a n c e  fror-r the Sun;  (c )  the  f rac t iona l  
an-~pl i tude  of the sca t te r ing  f l r lc tua t io l i s  (b lobs)  and  the  f rac t ion  o f  s p a c e  
which they occupy is  independent  of r .  Then  l o  the extent that . thc:se 
a s s u m p t i o n s  a r e  val id  
-, 
= Cf ( b ) ,  e 
w h e r e  a e i s  t h e  a p p a r e n t  h a l f  w i d t h  of the r a d i o  s o u r c e  a s  a r e su l t  of 
s c a t t e r i n g  of t h e  r a d i o  r a y s ,  C i s  an u n d c t e r m i n e d  c o n s t a n t  e v a l u a t e d  
by  ma tch ing  the ca l cu la t ed  dens i ty  to  the  pho tomet r i c  dens i ty  nea r  10  
s o l r a d ,  f i s  t h e   r a d i o   f r e q u e n c y ,  ii i s  the a v e r a g e  electron dens i ty  
eva lua ted  a t  b the o f f se t  d i s t ance  o f  the propagat ion path fron-I the Sun;  
s c e   F i g .  1 . T h e   r e s u l t i n g   v a l u e s  of Ti a r e  too high when c a r r i e d   t o  
200 solr-ads \ \>he re  spacec ra f t  da t a  a rc  ava i l a l l l e .  The m o s t  s u s p e c t  
a s s u m p t i o n  i s  ( c ) .  P a r k e r  f i n d s  in h i s  theoretical s tud ie s  tha t  thcre  should  
b e  s1-11oothjng of the  s ' c a t l c r i n g  f l u c t u a t i o n s .  A l s o  a s s u n ~ p t i o n  ( I ) )  a lmut  tlle 
s inf i le  scale  s i z e  of the  sca t t e r ing  f luc tua t ions  (b lobs )  in p l a s m a  d e n s i t y  i s  
poor  because  the  b lobs  a re  ecpec tcd  to  be e longated  a long  the d i r ec t ion  
of  the nlagnet ic  f ie ld .  
e 
e 
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The c o m b i n e d   r e s u l t s   r e g a r d i n g   o v e r a l l   d e n s i t y   m e a s u r c m e n t s  of 
the e q u a t o r i a l   c o r o n a   f r o m   p h o t o m e t r y ,   t h e o r y   a n d   s p a c e c r a f t   m e a s u r e -  
m e n t s  a r e  shown in F ig .  7 . Our knowledge of t h e  p o l a r  c o r o n a  is m e a g e r  
i n   c o m p a r i s o n   t o   t h e   e q u a t o r i a l .  
W e  tu rn   now  to   t he .   ove ra l l   ve loc i ty   s t ruc tu re  of t he   so l a r   w ind .  
The  ve loc i ty  of the  outer  wind  i s  of cour se  we l l  e s t ab l i shed  by  good  
a g r e e m e n t  b e t w c e n  s p a c e c r a f t  a n d  c o m e t  d a t a .  A s  w e   n o t e d   ~ a r l i e r   s o m e  
c o ~ n e t s   v c n t u r e  clot:: to the Sun b u t   u n f o r t u n a t e l y   t h c   d a t a   a r e   n o t   a c c u r a t e  
e n o u g h  f o r  v c l o c i t y  m e a s u r e n l e n l s  t h e r e .  In f a c t  m e a s u r c l n e n t s  of i n n e r  
wind  ve loc i ty  a r e  few and  ambiguous .  Al though the m o v e m e n t  of c e r t a i n  
f e a t u r e s  h a s  b e e n  o b s e r v e d ,  t h c  p a r t i c l e  \ v e l o c i t y  i s  n o t  r e a d i l y  r e l a t e d  t o  
t h e  f e a t u r e s  of which  the  par t ic le  i s  a p a r t .  The S u n  h a s  been o l ~ s e r v e d  
Ily r a d a r   f r o m   2 5   t o  50 MHz and  i t  was  hoped  t h a t  dopp lc r  sh i f t s  i n  the  
r ada r  r e tu rn  wou ld  g ive  the  vc loc i ty  of the i n n e r  p l a s m a .  R e f l e c t i o n s  
f r o m  i ~ - r c ! g u l a r i t i e s  a t  s p e e d s  u p  to  200 Icnl /s  have bccn observed b u t  
i n t e r p r e t a t i o n  i s  ve ry  d i f f i cu l t .  Chr i sho ln l  and  James concludc: tha t  a t  
38 L4Hz t h e   c o r o n a   r e s e m b l e s  a s p i n y   C h r i . s t ~ n a s  t r e e  o r n a n ~ e n t  f r o m  which 
we s e c  o c c a s i o n a l  s p e c u l a r  r c i l e c t i o n s .  F o r  a r av iew,  s e e  Rcf.   16.  
Bohl in  e t  a1 (Rcf .  17)  c l scrvcc l  the s p i r a l  curvature of a singlc. high- 
l a t i t u d e   s t r e a l n e r   a n d   t h e r e b y   c a l c u l a t c d   t l ~ c  ve1ocit.y t l i s t r i l ~ u t i o n  of the 
i n n e r  c o r o n a  b y  E q .  ( 1 ) .  I - Iowcver ,  this  technique 13as t he  wcakness  tha t  
i t  n e c e s s a r i l y  a s s u l u c d  t h c  i n i t i a l  v c l o c i t y  to b e  e n t i r e l y  r a d i a l  F i g u r e  
i s  t a k e n  f r o ~ n  Ncwlcirlc (Ref .  18 ) .  Th i s  f igu rc  sun7mar i ; s c s  the var i .ous  
m e a s u r c m c n t s  :tnd t h c o r i e s  \\'e h a v e  di~cussed, c s c c - ~ p ~  for P a r k e r ' s  t h c o r y  
which falls c l o s e  Lo thc curvc 1al~elc:d N .  The wind veloci ty  data  is  not  
a c c u r a t e  e n o u g h  t o  d i s c r i m i n a t e  b e t w e c n  v a r i o u s  t h e o ~ - i c ? s .  The d i i l e r ences  
be tween s t r e a m e r s  'and i n t c r  s t . r e a n ~ c r  s p a c e  are unlcnou~n. 
- "" 
A n  i n t e r e s t i n g   c o l n p a r i s o n  of t h e   o r c l e ~ . ~  of magn i tudc  of v a r i o u s  
v e l o c i t i e s  i n  s p a c c  i s  the following: 
Ea r th   s a t e l l i t e   o rb i t a l   ve loc i ty  - 8 Icm/sec.  
E a r t h ' s   o r b i t a l   v e l o c i t y  - 3 0 le111 / s  
Sola r   w ind  - 3 0 0 Icm / s 
E j e c t a   f r o m   s o l a r   s t o r m   m a s .   v e l .  = 3 ,  0 0 0  Icm/s 
Veloci ty  of l ight  = 300,   000 ~ I - I I / S  
- 
S t r u c t u r e s   N e a r  the Sun 
Table111 taken  f rom NewIci r Ic ' s  rev icw ar t ic le  is  a su1nn2ary of  
c h a r a c t e r i s t i c  s t r u c t u r e s  i n  the  s o l a r  c o r o n a .  T h e s e  s t r u c t u r e s  have 
b e e n  s t u d i e d  p r i m a r i l y  b y  p h o t o g r a p h y ,  b u t  n o t i c e  t h a t  the l a s t  colu111n 
r e m a r k s  o n  Lhe r a d i o  e m i s s i o n s  f r o m  s o n ~ c  of thcun. In planning n e w  
s p a c e c r a f t   m i s s i o n s  the h e l m e t   s t r e a m e r s   a n d   p o l a r  p lumes  a t t r a c t   o u r  
a t t en t ion  because  they  exLent1 to m a n y  s o l a r  r a d i i ,  a n d  Lheir r lcns i ty  i s  of 
t h e  o r d e r  of 10 x background dens i ty .  They  have  not  ) T c t -  bccn  tlct.cctcc1 
by r a d i o  e m i s s i o n s ,  s o  a s tudy  of t h e s e   s t ~ * u c t u r e s  by r ad io  p ropaga t ion  
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Figure 7 A cornpi la l ion  of e l c c l r o n  densities in  l h c  equa to r i a l  s o l a r  
co rona  dc r ivcd  f r o m  a v a r i c t y  of tcchniclucs.  No a t t e m p l  h a s  
bcen  ~ n n t l c ~  lo r e c t i f y  d a t a  made dur jng  d i f f e ~ c n l  po r t ions  of 
the sunspo l  cycle .  A s i n g l e  theoretical m o d e l  [Whang, J, iu & 
Chang 1966 (Ref. 1 9 ) ]  of t h e  d e n s i t y  s t r u c t u r e  in Lhc solar 
wind a p p e a r s  f o r  c o m p a r i s o n .  Newki rk  ( R e f .  18). 
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Newkirk (Ref. 16).  
is wor thwhi le .  N o t e  i n  t h e  l i f e t i m e  c o l u m n  t h a t  t h e  s o l a r  p l u m e  is s h o r t  
l i ved ,  abou t  15  hou1:s. T h i s  s h o r t  t i m e  c o n s t a n t  e m p h a s i z e s  t h e  n e e d  
f o r  m o r e  o r  less  con t inuous  t r ack ing  when  the l ine -o f - s igh t  i n  the pi-opa- 
g a t i o n  e x p e r i m e n t  p a s s e s  c l o s e  to  the Sun. 
T h e   p o l a r   p l u m e   b e a r s  a s t r i k i n g   r e s e l n b l a n c e  to  l i n e s  of f o r c e  
about  a b a r  m a g n e t .  The p o l a r  r e g i o n s  01 the S u n  a r e  m o r e  a pa tchy  
co l lec t ion  of magnc t i c  r eg ions  than  a t rue dipole .  Newlcirk notes  that l i nes  
o f  f o r c e  are s e l d o m  i f  e v e r   s y m n l c t r i c a l   a r o u n d  the Sun 's  ro t a t ion  poles .  
W y n d h a n ~  ( R e f .  2 0 )  f inds  a d ipole- l ike  a l ignment  of b l o b s  ( s h o r t  f o r  
s c a t t e r i n g   i n h o ~ ~ ~ o g e ~ - ~ e I t t e s ) ) .   i n  the po la r  co rona  ou t  t o  5 o r  1 0  s o l r a d  a s  
obscrved  wi th  a r a d j u  s o u r c e  11chintl t h e  c o r o n a .  T h i s  s u g g e s t s  t h a t  p o l a r  
r a y s  keep  t h e i r  i d e n t i t y  far into the in t e rp l anc~ ia ry  rned ju ln .  
B u r s t s  of r ad io  noise f r o m  the S u n   h a v e  been stuclictl and a r c   b e l i e v e d  
t o  o r i g i n a l - c  i n  d j s t u r b c t l  p l a s m a  f r o m  s o l a r  f l a r c s .  I n  t hese  b u r s t s  [ h e  
f~ .equency  t l r i f t s  toward  low I rcquency  which  i s  qu i te  na tu~-a l ly  inlerpt-eked 
a s  the r e t l u c t i o ~ ,  i n  p l a s m a  frequency whi l e  the  exc i t cd  p l a sma  sp re ; ld s  
a s  i t  t r a v e l s  u p  frol l ]  the  Sun.  Type  I1 1xrst.s a r c  charac te r izer l  by  a slow 
i r e q u c n c y  d r i f t  and  ve loc i t i e s  i n  L h c :  r a n g e  of 1 0 0 0  I<n-~/s.  These a r c  
be l ieved  to  b r  h ~ r c l r o ~ ~ ~ a ~ ~ n e t i c  shock  waves .  Type 111 radio 13ursts arc. 
be l i eved  t o  be c a u s e d  hy burs t s  of very  encrge l : j . c  par t ic les .  The  \ lc loc i ty  
of t he  e j ec t a  can  approach  the  ve loc i ty  of l ight .  \(slues of c l c c t r o n  d c n s i t y  
d e r i v e d  f r o m  r a d i o  I > U I . S ~ S  a r e   u s u a l l y   h i g h ,  a fac t  which  probably  resu l t s  
f r o m  the b i a sed  sc l ec t ion  01 t h e    no st e n e r g c l - i c  b u r s t s .  F i g u r e  9 ( l tc f .  22) 
shows thc poin ts  iro11-I typc: I1 and 111 ratlio 1~u1.sts to l i e  a long  the 11ighcst: 
d e n s i t y  c u r v e .  Bclow t h a t  a r c  the t l cns i t i c s  I rom op t i ca l  o f~sc r \ r a t ion  of 
s t r e a m e r s ,  a n d  l o w e s t  o f  a l l  a r c  t h e  d e n s i t i c s  d c r i v e c l  f r o l n  theoretical 
m o d e l s  f o r  t h e  ma sir nu^^-^ of the s o l a r  c y c l e .  
N a t u r a l   R a d i o   S o u r c e s   ( R a d i o  S t a r s )  
The s o l a r   c o r o n a   h a s  been ex tens ive ly  s tud ied  I J Y  l i s ten ing  to  rad io  
sou rces  wh ich  chance  to  pas s  beh ind  the  co rona .  We h a v e  a l r e a d y  n o t e d  
tha t   t he   r e f r ac t ion   and   a t t enua t ion  of the r a d i o   r a y s  a r e  too weak for 
quantitative i11format:ion. However,  the s c a t t e r i n g  a n d  s c i n t i l l a t i o n  h a v e  
y i e lded  va luab le  r e su l t s .  The s c a t t e r i n g  of r a y s  m c a n s . t . h a t  t h e  r a d i o  i m a g e  
of t h e   s o u r c e  is b l u r r e d ,   a n d   t h e   b l u r  is r e s o l v e d  i n  one d i ~ ~ ~ e n s i o n   b y  
o b s e r v a t i o n s  w i t h  r a d i o  i n t e r i e r o m e t e r s .  S c i n t i l l a t i o n  m e a n s  t h a t  t h e  p o w e r  
l e v e l  of  the  s igna l  f luc tua tes  in  a r a n d o m  m a n n e r ,  a n d  Lhe s t a t i s t i c s   m a y  be 
ana lyzed  fo r  c lues  to  the s t a t i s t i c s  of t h e  c o r o n a .  
" 
Radio  Sca t t e r ing .  - A  r e c e n t   s u m m a r y  of s c a t t e r i n g  d a t a  h a s  been  
g iven  by  Slee  (lief. 2 1 ) .  S l c e ' s  d a t a  a t  85.  5 MHz coml>ined  wi th  da ta  f rom 
E r i c k s o n  s c a l e d  t o  t h e  same f r equency  g ive  ha l f  power  wid ths  f rom 1 /10  
to 1 /100  minu te  of a rc .  A f t e r  c h a n g i n g  t h e  u n i t s  w e  p r e s e n t  t h e  s a m e  d a t a  
i n  F ig .  1 0 .  S l e e  o b s e r v e d  m a n y  s o u r c e s  a n d  f o u n d  t h e  r a d i o  s c a t t e r i n g  
co rona  to  be e l ip t i ca l ,  e longa ted  in  the s o l a r  e q u a t o r i a l  p l a n e .  E v i d e n c e  
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F i g u r e  9 R a d i o - b u r s t  measureme11t.s r e q u i r c  e l e c t r o n  d e n s i t i e s  o v e r  
a c t i v e  r e g i o n s  to  be  enhanced  - 10 t imcs  those  in  the  modc l  
d e r i v e d  f o r  the equator  by  v a n  de € h l s t .  The  fact  that  opt ical  
o b s e r v a t i o n  of sLrea1nel-s ( N e w k i r k ,  FJcplmrn 6r Schmid t )  
y ie lds  s l igh t ly  1owe1- dens i t i e s  t han  t h e  r a d i o  d a t a  is  p r o b a b l y  
c a u s e d  by Lhe prefc l -enLia l  occur rence  of b u r s t s  i n  t h c  m o s t  
a c t i v e  ( a n d  m o s t  d e n s e )  r e g i o n s .  ( F r o m  Malibson ei E r i c k s o n  
1 9 6 6 ) ( R e f .  2 2  ). 
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sugges t s  t ha t  t he  e longa t ion  w a s  r e l a t e d  to a v i s i b l e  a c t i v e  b e l t .  I le  a l s o  
found s igni f icant  random changes  in  24  hour  in te rva ls .  Radio  sca t te r ing  
i s  o b s e r v e d  to  b e   a n i s o t r o p i c  (lief. 23) i n  t h e  d i r e c t i o n  t h a t  s u p p o r t s  t h e  
conc lus ion  tha t  t he  b lobs  a r e  f i l amen t s  ex tended  in  the  d i r ec t ion  a long  the  
magnet ic  f ie ld .  
Axfo rd  ( R e f .  4 )  s u m ~ n a r i z e s  t h e  m a i n  r e s u l t s  of r a d i o  s c a t t e r i n g  as  
fol lows:  
1. T h e  s i z e  of t h e   b l u r r e d   i m a g e   v a r i e s   w i t h   t h e  solar c y c l e ,  
e s p e c i a l l y   c l o s e  to the Sun.  
2.  T h e  a n g u l a r  s i z e  of the b l o b s ,  i. e. , the l a t e r a l  s i z e  of t he  
fi lalmenls i s  less than about  6 a r c  s e c o n d s  ( c o r r e s p o n d i n g  t o  
a n   u p p e r   l i m i t  of about  5000 l c m  a t  0 .  3 a .   u .  ).  
3. T h e   s c a t t e r i n g   b e c o m e s   m o r e   p r o n o u n c e d   n e a r   t h e   s o l a r  
e q u a t o r .  
4, The  mean  e longa t ion  of b lobs  is  l a r g e l y  r a d i a l  f r o m  t h e  S u n  
but  wi th  su l>s tnnt ja l  var ia t ions  a t  t imes .  
5.  T h e  mean s c a t t e r i n g  a n g l e  v a r i e s  a s  t h e  s q u a r e  of the w a v e -  
length.  
6 .  T h e   m e a n   S c a t t e r i n g   a n g l e   v a r i e s   w i t h   d i s t a n c e   f r o m   t h e   S u n  
a s  r B  w h e r e  B i s  i n  the  r ange  1. 3 to  2. 3 depending on  the 
p h a s e  of t he  so l a r  cyc le  and  the  l a t i t ude .  
Radio   Sc in t j l l a t ion .  __ - H e w i s h   e t  a1 (Ref .  24) and  Cohen et a1 (Ref.25) 
have  ex tens ive ly  s tud ied  the s t a t i s t i c s  of c o r o n a  111012s by  measu r ing  the 
s t a t i s t i c s  of in tc rp l .ane ta1-y  sc in t i l l a t ions .  Sa lpe ter  (Rcf .  26) g ives  a n  
exce l len t  theore t i . ca1  descr ip t ion  of the scint i l la t lor l  which converts  the 
s t a t i s t i c s  of the blobs into the  s t a t i s t i c s  of the recc ived  s igna l  power ,  
and his t h e o r y  h a s  b e e n  u s e d  e x t e n s i v e l y  b y  Cohen e t  a1 (Ref. 27) t o  ana lyze  
e x p e r i ~ - n e n t a l  r e s u l t s .  The m a i n  p r o p e r t i e s  w h i c h  C o h e n  f i n d s  a r c  s u m -  
m a r i z e d  a s  fol lows:  
2 .   The  r. m .  s. e l e c t r o n - d e n s i t y   f l u c t u a t i o n   v a r i e s   a p p r o s i n ~ a t e l y  
a s   i n v e r s c   s q u a r e  of t he  d i s t ance  f rom the  Sun  in the r a n g e  
. 2 to . 9 a . u .  
3 .  The an>p l i tude  of the f luc tua t ion  i s  only about  27’0 of the m e a n  
dens i ty .  
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Hewish:e t   a1   have  observed a n d   c o r r e l a t e d  the s c i n t i l l a t i o n   u s i n g  m o r e  
than  one r ad io  an tenna .  'Thesc show tha t  the o b s e r v a t i o n  r e s u l t s  f r o m  a 
m o v e m e n t  of a d i I f r a c t i o n  p a t t e r n  a c r o s s  t h e  s u r f a c e  of the E a r t h .  Wi th  
two s t a t ions  50 k m  a p a r t  they f ind:  
u = 50 km/O. 1 sec = 500 k m / s e c  
where u is the  ve loc i ty  of the s o l a r  w i n d .  C o r r e l a t i o n  v a n i s h e s  a f t e r  
t h e  s e p a r a t i o n  of a f e w  h u n d r e d  k i l o m e t e r s  b e t w e e n  s t a t i o n s ,  s o  we find 
t h a t   t h e   s t r u c t u r e  is  n o t   f r o z e n   i n   t h e   s o l a r   w i n d   b u t   i t  r a t h e r  i s   c o n s t a n t l y  
changing as  though  caused  b y  a r andoun  pa t t e rn  of s o u n d  w a v e s .  T h r e e  
r ece ive r s  su f f i ce  to  g ive  the speed  ,and d i r e c t i o n  of t he  so l a r  w ind .  
Obse rva t ions  by  l3enn i sonand  Hewish  (Hef.  28 )  i nd ica t e  tha t  t he  so l a r  
wind is  r a d i a l  w i t h i n  i 1 5  and  Lhe a v e r a g e  s p e c d  is 300. to 500 k m / s ,  
v a l u e s  w h i c h  a r e  c o n s i s t c n t  w i t h  a l l  o u r  o t h e r  da ta . ,  f o r  the reg ion  
o b s e r v c d , n a r n e l y  f r o m  7 8  t o  1 7 0  s o l r a d .  F i g u r e  1 1  shows a t endency  fo r  
t h e  s o l a r  w i n d  s p e c d  t o  i n c r e a s e  at  h igh  he l iog~-aph ic  l a t i t udcs ,  wh ich  i s  
thought to be rea l  and  cons i s t en t  w i th  comet  t a i l  o l J sc rva t ions .  
0 
Thc  in l - e rp re t a l ion  of t h e  r a d i o  s c a t t c r i n g  and sc in t i l l a t ion  d a t a  
m u s t  I J C  c o m p a r e d   w i t h   o t h e r   s o u r c e s  o i  inforrnati .on about [he fine 
s t r u c t u r e  of the so l a r  \ \ . i nd ,  i n  p a r t i c u l a r  d a t a  r e g a r d i n g  the sudden  
a c c e l c r a t i o n s  o b s c r v e d  in couneL t a i l s ,  a n d  the  c x [ c n t  I:o w h i c h  c o s m i c  
rays  have  been  d i f fused  by  pass ing  through umagnct ic  i r rcgular i l ieg .  To 
sonle ex ten t  the  r a d i o  d a t a  a r e  in conflict  l v i t l l  [ h e  otllc,r s o u r c e s  of i n f o r -  
nlat ion as d~scuc;scc l  b y  Ncwlcirlc ( R e f .  1 6  ). According  to  h i n 2  s p a c e  
p r o b c  e x p e r i m e n t s  h a v c  d e f i n i t e l y  d i s c o v c r c d  a n  a b u n d a n c e  of l a r g e  
p e r c c n t a g e  densily fluctuaLions h3ving dimensions a s  l a r g e  as 4 t o  20 
G m  a t  1 a .  u .  In the r a d i o  d a t a  tllcsc woultl be expec ted  L o  c a u s e  l a r g e r  
s c a l e  i m a g e  movcments  w h i c h  a r e  n o t  o h s c r v c d .  N e \ ~ . I . r i r k  f u r t h c r  
r e m a r k s  t h a l  t h e  exLremc a n i s o t r o p y  of f l u s  wiLhin a gi\,en tulje and t he  
a b r u p l n c s s  of the tube Ilountlaries recluirc that  the magne l i c  f ie ld  should 
be srnoolh on a s c a l e  of 1 0 0  M m ,  Lhc g y r o - r a d i u s  of t h c  p a r t i c l e s .  T h u s  
the smal l  sca lc  f lucLuat . ions  tha t  cause  rac l io  sc i .n t i l l a~ : ions  a rc  not  e s -  
pcc ted  on t h i s  b a s i s .  N e w l t i r k  r e m a r k s :  
" R a d i o  s o u r c e  o c c u l t a l i o n s  and  i n t c r p l a ~ 1 c t a r y  s c i n t i l l a t i o n s  
r e q u i r c  t h e  p r e s e n c e  of s t r u c t u r e s  wit11 a s c a l e  of 5 x 1 0 3  l.rn2 
and  ru l e  ou t  t he  existence of f luc tua t ions  a s  l a r g e  a s  l o 6  k m .  
On t h e  o t h e r  h a n d ,  d i r e c t  p l a s m a  p r o b e s  a n d  the in fe rence  of 
dens i ty  f luc tua t ions  from t h e  s t r u c t u r e  of the i n t e r p l a n e t a r y  
magne t i c  f i e ld  dcunons t r a t e  unques t ionab ly  t h c  p r e s e n c e  of 
s t r u c t u r e s  of d i m e n s i o n s  of the  o r d e r  of 106 l c m ,  a n d  c o s n l i c -  
r a y  m e a s u r e m e n t s  s u g g e s t  that i r r e g u l a r i t i e s  s m a l l e r  than 1 0 5  
k m  c a n n o t   o c c u r   i n   a n y   g r e a t   n u m b e r s   i n  the e n t i r e   s p a c e  
be tween thc  Sun and t h c  Earth.  I '  
His r emar l c  atlout c o s m i c - r a y  m e a s u r e m e n t s  means that, if LIle magne t i c  
f i e l d s  i n  s p a c e  a r e  a s  bumpy  as the  e lec t ron  dens i ty ,  then  one  woulcl 
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F i g u r c  11  The ve loc i ty  of the  so la r  wind  obta ined  f r o m  o b s e r v a t i o n s  
of i n t e r p l a n e t a r y  s c i n t i l l a t i o n s  of 3C48 u s i n g  t h r e e  s p a c e d  
r e c c i v e r s   d u r i n g   F e b r u a r y - J u l y  1966 (Dcnnison  .and He\:.i sh 
1 9 6 7 ) .  b is  the  minimuun d is tance  of the l ine-of-sighL t o  
the s o u r c e  f r o m  the Sun, a n d  6 is  the  he l iographic  la t i lude  
( i n  d e g r e e s )  of the point of c l o s c s t   a p p r o a c h  ( i t  i s   a s s u m c d  
tha t  mos t  of t h e  s c a t t e r i n g  is  p r o d u c e d  a t  this poinl) .  I t  i s  
be l i eved  thaL the i n c r e a s e   i n   t h e   v e l o c i t y  is en t i r c ly  due  to  
the  change  in  I), s i n c e  o b s e r v a t i o n s  of the  Crab  nebula  
( w h i c h   a t   t h e   s a m e   t i m c   w a s   s i t u a t e d   a t  h 0 .  5 a. u. , 5O) 
s h o w e d  t h e  a v e r a g e  v e l o c i t y  n c a r  llle ec l ip t ic  p lane  to  be 
2 9 5  k m  s e c - ' ,   c o m p a r e d   w i t h . 4 2 0   k m   s e c   d e r i v e d   f r o m  
o b s e r v a t i o n s  of 3C48 a t  the s a m e   d i s t a n c e  f r o m  the Sun. 
Connparc t h i s  f i g u r e  w i t h  t h e  r e s u l t s  o b t a i n e d  f r o m  c o m e t -  
t a i l  o b s e r v a t i o n s .  
-1 
32 
e x p e c t  t h e s e  b u m p s  to cause  d i f fus ion  of n e i g h b o r i n g   c o s m i c   r a y s  so  
Lhat t h e  c o s m i c   r a y   f l u s   a r r i v i n g   a t   t h e   E a r t h  is  not  a s  wel l  col l imatecl  
as  o b s c r v c d .  N e w k i r l c  c o n c l u d e s  t h a t  t h e  c o s m i c  r a y  d a t a  a p p e a r  t o  
r e q u i r e   t h a t  the  s m a l l   d c n s i t y  blobs a r e  n o t   a s s o c i a t e d   w i t h  a c o r r e s -  
pond ing  s t ruc tu re  in  the  magne l i c  f i e ld .  
P e r h a p s   t h e   c r u c i a l   p a r t  of t h i s   con f l i c t   i n   da t a   i n t e rp rk ta t ion  is 
tha t  no  r ad io  image  danc ing  is o b s e r v e d   o v e r   a n g l e s  of the o r d e r  of 6 
a r c   s e c o n d s   a n d   t i m e s   o n   t h e   o r d e r   o f m i n u t e s .  I-lewish and Syunonds 
d i s c u s s  t h i s  m a t t e r  to  some extent .  A t ho rough  ana lys i s  of t he  phase  
jiLLer in  a r a d i o   p r o p a g a l i o n   e x p c r i m e n t   c o u l d   h e l p  to r e s o l v e  l h e s e  
di f f icu l t ies ,  because  Lhc i n t e r p r c t a t i o n  of daLa f r o m  n a t u r a l  s o u r c e s  is  
han lpe red   by   i ncohe rence   wh ich  means that on ly  the   in tens i ty   f luc tua t ions  
m a y  b e  sLudi.ed, o r  a t  m o s t  the r e l a t i v c  p h a s e  a t  two n e a r b y  s t a t i o n s .  By 
c o n t r a s t  Llle d a t a  f rom radio propaga l ion  experi .ments contain both 
t i o n   i n  t e r m s  of a m o r e  d e t a i l e d  p l a s m a  m o d e l .  
”- a b s o l u t e  phase a n d   s c i n t i l l a t i o n   w h i c h   m a y  bc, c o r r c l a t e d   f o r   i n t e r p r e t a -  
O t h c r  M e a n s  for Observing t h e  So la r  Corona  
We arc! a w a r e  of only 1u.o olhel- n l c a n s  that havc bccn u s e d  lo  s tudy  
the  co rona ,  nalnely p lanc . [a ry  radar  and sp . .~cccraf t  p ropagat ion  exper iments .  
‘The l a t t e r  i s  the Sunhlazer Lechnique, a n d  Lhc!rcforc thc sub jec t  of a detai led 
d i scuss ion  in  thc  next sec t ion .  Colunlnar  c1c :c t ron  dens i t ies ,  i .  e . ,  e l e c t r o n  
densi ty  intcgratecl  a l o n g  the l i n e - c ~ f - s i g I ~ ~ , h a v e  be n s u c c c s s f u l l y   m c a s u r c d  
by h/IuhIeunlan e t  a1 in  p l a n e t a r y  r a d a r  c x p e r i n ~ e n L s  ( R e f .  2 9 ) .  In c o n t r a s t  
to s p a c e c r a f l  t e c h n i q u e s  p l a n c t a r y  r a d a r  p r o v i d e s  a unosL cost  effect ive 
m e a n s   f o r  sLudying the  columnar e l e c t r o n  d c n s i t y  t:o\varcl t h e  S u n   a s   f a r  
as the  orb i t  o f  Merc l l ryJ  abouL 84-  s o l r a d ,  and a w a y  f r o m  the  S u n  as f a r  
a s  the  orl3i.L  of Mars, a ~ ~ d  poss ib ly  cven  J u p i t e r .  
O u r  Icno\\,ledg;e oi Lhc average  e lec l ron  dcns iLy in  t h e  s o l a r  c o r o n a  
( see  F i g .  ’ / )  is ex~rapol.aLcd by t1-1eoreti.cal 111cans from about 1 0  solrad, 
w h e r e  p h o t z ~ m e t r i c  t c c h ~ ~ i c ~ u c s  l e a v e  off,  to  200 s o l r a d  w h c r c  d i r e c t  
1neasurerl7c:nts by space probcs begin.  If t h i s  g a p  c a n  be fillcd in by 
p l a n e t a r y  r a d a r  to  h f e r c u r y ,  Lllen l-llc d e n s i t y  is LheoreLically e x t r a p o l a t e d  
on ly  ove r  a r a n g e  f r o m  1 0  t o  81 s o l r a d .  T h i s  g i v e s  a f a i r l y  c o m p l e t e  
p i c t u r e  of thc  dcns i ty  in  the planc of the  ec l ip t ic ;  however ,  our  knowlcdge  
of thc dcnsi ty  out  of the plane is v e r y  p o o r .  We can  on ly  ag rce  wi th  
A x f o r d  who s u g g e s t s  lhat a s p a c c c r a f t  e x p e r i t n e n l  out of the  cc l ip l ic  
p l ane  would b e   v e r y   u s c f u l .  
Our  knowledge  of thc  vc loc i ty  s l rucLurc  of the solar wind in the 
inner solar sys t cun  i s  ve ry  l i n l i t cd .  Reca l l  thaL Lhc Icno\vleclgc of the 
inne r  vc loc i ty  s t rucLurc  (F ig .  C )  conies f r o m  the c u r v a t u r e  of a s ing le  
h igh  l a t i t u d e  s t r e a m c r  a n d  f ro rn  v a r i o u s  t h c o r e t i c a l  m o d e l s  w h i c h  
m u s t   a s s u m e  s o m e  p laus ib lc  Lcnlpcra turc  sLrucLure  of the c o r o n a .  
33 
P e r h a p s   t h e   m u l t i s t a t i o n   e x p e r i m e n t   b y . H e w i s h   e t  a1 w i l l   b e   r e p e a t e d   a t  
h i g h e r  f r e q u e n c i e s  t h a t  p e r m i t  c l o s e r  a p p r o a c h  to  the Sun. R e c a l l  t h a t  i n  
t h e s e  e x p e r i m e n t s  t h e  c o r r e l a t i o n  b c t w e e n  s t a t i o n s  g a v e  t h e  v e l o c i t y  of 
t h e   p l a s m a   a s   e a c h   p o i n t   i n   i t s   d i f f r a c t i o n   p a t t e r n   c r o s s e d  f i rs t  one  
s t a t ion   and   t hen   ano the r .  
One of t he  ma in  ques t ions  tha t  cou ld  be a n s w e r e d   w i t h  a new rad io  
p robe  tha t  pas ses  beh ind  the  co rona  is  the  ques t ion  of the  ex ten t  of t he  
s o l a r  w i n d  s o u r c e s .  Does t h i s  w i n d  a r i s e  f r o m  a n u m b e r  of s m a l l  
act ive regions on the Sun,  o r  f r o m  m u c h  l a r g e r  a r e a s ?  Also t h e  v e r y  
la rgc  b lobs  or  in tcns i ty  enhanccunenLs  on t h e  s c a l e  of m e g a m e t e r s  
should be observed i n  r a d i o  p r o p a g a t i o n  e x p e r i m e n t s .  T h e r e  is  no 
q u e s t i o n  but wha t   t hese   have  been o b s e r v e d  b y  i n t e r p l a n e t a r y  p r o b e s ,  
and we need to find out why  t h e s e  l a r g e  b l o b s  d o  n o t  a p p e a r  i n  t h e  s c a t -  
t e r i n g  d a t a  f r o m  r a d i o  s o u r c e s .  T h e  s p a c e c r a f t  p r o p a g a t i o n  t e c h n i q u e  
is  the  na tu ra l  way  to s tudy  these  l a rge  b lobs  c lose  to  the Sun,  s ince the 
d i r ec t  measu ren lenL  is  r e s t r i c t e d  t o  o u t e r  r e g i o n s  t h a t  a r c  a c c e s s i b l e  
to  spacec ra f t .  The, r a d i o  s o u r c e  e x p e r i m e n t s  do n o t  givc a d i r c c t  
m e a s u r e  of c o l u m n a r  e l e c t r o n  d e n s i t y ,  s i n c c :  t h i s  r e q u i r e s  a c o h e r e n t  
s o u r c e  a s  wi l l  b c  d i s c u s s e d  i n  tllc next s e c t i o n .  
111 s u m m a r y ,  t h e  p r i n c i p a l  n e e d s  f o r  new d a t a  b y  s p a c e c r a f l  a r e  
measures of a l l  q u a n t i t i e s  in the immedia t e  v i c in i ty  of t h e  Sun, which  
r e q u i r e s  t h e  h i g h e s t  p o s s i b l e  i r c q u e n c i e s  t o  p c n e t r a t e  a n d  s t u d y ,  t h e  
s tudy  of l a r g e  s c a l e  e l c c t r o n  d e n s i t y  c n h a n c c . m e n t s  e v c r y \ v h c r e  i n  t h e  
corona ,  bu t  in  parLicular  ins ide  t.he o r b i t  of Venus,  and f inal ly  the s tudy 
of ove ra l l  dens i ty  ou t  o f  the  p lane  of [.he ec l ip l i c .  Rad io  p ropaga l ion  
e x p e r i m e n t s   m a y  o r  may n o t   g i v c   c l u e s  to  c e r t a i n  old p r o b l e t n s   s u c h   a s  
thc connect ion of t he  in t e rmed ia t e  co rona  to  the  su r face  of the Sun and 
the  mechan i sms  fo r  hea t ing  the c o r o n a .  
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S P A C E C R A F T  1XA 1110 P R O P A  GA TION EXPERIMENTS 
Three  s p a c c c r a f l  h a v e  been  the  sub jec t  of r ad io  p ropaga t ion  exper i -  
mcnts to  s tudy  the  so l a r  co rona  o r  so l a r  w ind  lh rough  which  the  s igna l s  
p a s s .  I n  t.wo of t h e s e  t h e  s p a c e c r a f t  passed  behind the Sun and  thereby  
a l l o w c d  s t u d i e s  of t he  s igna l  pas s ing  th rough  Lhe d e n s e  p a r t  of t h e  s o l a r  
c o r o n a .  T h e s e  events  \\ 'ere l h e  s u p e r i o r  c o n j u n c l i o n  of M a r i n e r  IV in the 
s p r i n g  of 1966 and  thc s o l a r  o c c u l t a t i o n  of P i o n e e r  VI in Novcunber of 
1968.  The t h i r d  e s p e r i l n c n t  \\'as p c r 1 o r m e d  wiLh P i o n e e r  VI1  whi lc  i t  
was on Lhc s a n l c  s i d e  of l h e  Sun as I-hc E a r l h .  P u l s e s  of i n c r e a s e d  s o l a r  
wind densi . ty  were  o b s e r v e d  ~ " S S ~ J S ~  Iletween Ll~e E a r t h  and P i o n c e r  VJI  a t  
r a n g c s  u p  ~ C J  abou l  0 .  5 a .  11. The  three experiments a r e  s u ~ u ~ n a l - i z e d  in 
the  subsec t i . ons  be low,  s t a r l i ng  wi th  lhe  r n o s l  r e c e n t  and  thorough of the 
t h r c e ,  Lhe solar occulLal. ion of P i o n e e r  VI. 
Thc  So la r  Occu l t a t ion  of I'ionecr VI 
EcccnLriciLy 
Incl inat ion 
0. 0942 
0. 169' 
35 
- " . . .. . . 
Ro - 
Fig .  121) P r o j e c t i o n  of P i o n e e r  VI o r b i t   r e l a t i v e   t o   t h e  plane of t he   ec l ip t i c  
The Orb i t  of Pioneer 171 a f t e r  L e v y  et a1 ( R e f .  3 0 )  
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which was p resumab ly  due  to  s low t e n l p e r a t u r c   d r i f t  of the s p a c e c r a f t .  
In  addi t ion  there  w a s  an e r r a t i c   d r i f t  of 1 o r  2 I-Jz w h i c h   o c c u r r e d   a b o u t  
e v e r y  1 5  m i n u t e s .  
One of t he   two   expe r imen t s   i nvo lv ing   P ionee r  VI w a s   t h e   F a r a d a y  
r o t a t i o n  e x p e r i m e n t  p e r f o r m e d  b y  L c v y  c t  a l  ( R e f .  3 0  ) .  The F a r a d a y  
effect is  the  ro ta t ion  of the p l a n e  of p o l a r i z a t i o n  of t h e  s i g n a l  c a u s e d  
b y  propagat ion Lhrough an electron gas  whicll  has a cornponcnt of 
magne l i c  f i e ld  pa ra l l e l  t o  t he  c l i r cc t ion  of propagal ion.  A 1  Lhe f r e q u e n c y  
u s e d ,  2. 292 GHz ,  onc  degree  of r o t a t i o n  r e s u l t e d  f r o m  3. 9 X 1 0  
g a u s s - e l c c t r o n s / c m  . N O L ~  tile c m 2   i n s t e a d  of c1,13 Ilecause the 
e l e c t r o n   d e n s i t y  has been in t eg ra t ed  a long  the  en l i r e  l i ne -o f - s igh t  
f r o m  s p a c e c r a f t  to  E a r t h .  Le\ :y  e t  a1  dev i sed  a c losed  loop po la r imc t . e r  
wh ich  t r acked  thc  po la r i za t ion  o f  the incoming  s igna l .  T.hc p o l a r i m e t e r  
included a spcci.al f ced  fo r  the 210 foot an tenna  \x~hich \vas rotated unclcr  
the conLrol of a s e r v o   s y s t e m  t-o null o u t  onc of thc, t\x:o or lhogona l  
l i nea r  po la r i za l ions .  
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A p o l a r i z a t i o n  e x p e r i m e n l  \ v a s  p e r f o r m e d  f l - o m  O c l o l ~ c r  26 to  No\? 
Novembcr  16 ,  1C)f)S at-  which tin2c: tllc si.gna1 disappcaretl  nbouL onc  
d e g r e e  (4 s o l r a d  o r  so la r  r a d i i )  f r o m  Lhc Sun. I ' r o r r  Novclnl->(:r  21 t o  
2 4  t h e  s l l a c e c r a f t  w a s  l ~ c l ~ i n d  t l ~ c  S u n ' s  disc. The signal  \ \ !as  reacqui1-e~:  
O J ~  Novcmber  29  abou t  one  dcf:rcc: on the uthe1- s i d e  of the Sun ,and  the 
e x p e r i m e n t  c o n [ - i n u e d  f r o m  [.hen until  December 8,  1968. IVhiIe the 
spacec r ; , f t  w a s  s t i l l  fai,rIy f a r  f r o m  Lhc Sun iL \ v a s  u s e d  as a s igna l  
s o u r c e  to  s tudy  [:he d iu rna l  cyc le  of Fa rac l ay  ro t a t ion  in  thc  ionosphe re  
a t  the S-band f r e q u e n c y ,  s o  the ionospher ic  e f fec ts  would  not  be  confused  
wi th  the  s o l a r  c o r o n a  e f f e c t s .  T h e  i o n o s p h c r e  c o m p a r i s o n  a l s o  inclilded 
P i o n e c r s  VI1 and  1'111 \\.Ilich were nowhcrc  n e a r  p a s s a g e  behind thc Sun.  
The  r e s u l t s  of  thcl e s p e r i l n c n t  c o n s i s l  p r i m a r i l y  of th ree  in t ensc  
p l a s m a  events  a t  10.  9 ,  8. 6, a n d  6. 2 s o l a r  r a d i i ,  u ~ h i c l l  a l l  o c c u r r c d  
before  occul ta t ion  o n  X o v e m b e r  8 4 ,  8 a n d  1 2  r c s p e c t i v c l y .  E a c h  e v e n t  
l a s t e d  1 to 2 h o u r s  a n d  r o t a t e d  t h e  plane 30 l o  40 c legrecs ,  a lways  in  the 
s a m e  d i r e c t i o n .  B y  c o m p a r i s o n  Lhc ionospl lere  o n l y  r o t a t e d  t h c  p o l a r i z a -  
t ion through 10 d e g r e e s  f o r  the ful l  diurnal  cycle ,  and in  one of Lhc cvents 
the  d i r ec t ion  of t h e  s o l a r  p o l a r i z a t i o n  c h a n g e  w a s  o p p o s i l e  t o  Lhc d r i f t  
c a u s e d  b y  t h e  E a r t h ' s  i o n o s p h e r e .  H e n c e  l h e r e  i s  n o  c h a n c e  t h a t  i o n o s p h e ~ - i c  
even t s  wcr ;  mi s t aken  fo r  so l a r -  oncs .  Thc  po la r i za l ion  ploLs f r o m  R e f .  30 
a r e  r c p r o d u c e d  h e r e  a s  Fig.  1 3 .  The Lwin peaks  on  each  of t h e s e  p l o t s  
( i n d i c a t i n g   m a g n e t i c   f i e l d s   i n  the same d i r e c t i o n )   a t  t imes a n  h o u r   a p a r t  
should be of i n k r e s t  to  c o r o n a  m o d e l  m a k e r s .  T h e  t i m e s  of the thrce 
even t s  co r re l a t e  c lose ly  wi th  Go lds t e in ' s  expe r imen t  c l i s cussed  be lo \v  and 
w i t h  r a d i o  n o i s e  b u r s t s  n e a r  t h e  w e s t  l i m b  of the  Sun,  the  l imb neares t  
t h e  s p a c e c r a f t .  M o r e o v e r ,  t h e  e v e n t s  o c c u r r e d  j u s t  a f l e r  a large sunspoL 
h a d  r o t a t e d  i n t o  t h e  w e s t  l i m b ,  a s  shown i n  F i g s .  14  and  1 5 .  
Type  I11 D e k a m e t r i c   n o i s e   b u r s t s   p r e c e d c d  each of t he   t h ree   p r inc ipa l  
o b s e r v a t i o n s  of F a r a d a y  r o t a t i o n  e v e n t s .  If one  pa i r s  each  ro t a l ion  even1  
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F i g u r e  1 3  Pola r i za t ion  data af ler  L e v y  e t  a1 ( R e f .  3 0 )  
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Figure  1 5  Magnetograms f r o m  M t .  Wilson  Observalory 
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No data obtained 011 October 31. or 3 0 ,  1968. 
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wi th  a p a r t i c u l a r   n o i s c   b u r s t ,   a s s u m i n g   t h e y   r e p r e s e n t   t h e  same s o l a r  
d i s t u r b a n c e ,  t h e n  he can  ca l cu lh l e  the  ve loc i . t y  a t  wh ich  the  p l a sma  bur s t  
t r a v e l e d  f r o m  t h e  S u n  out  to  the  l ine-of -s ight .  Levy e t  al have  tabula ted  
t h e s e   v e l o c i t i e s   f o r   e a c h  of t h e   n o i s e   b u r s t s   [ . h a t   m i g h t  be r e g a r d e d  a s  the 
a p p r o p r i a t e  mate to e a c h  of t h e  Faraday  ro t aL ion  even t s .  On Nov. 8 
lhcre  w a s   o n l y   o n e   s u c h   b u r s t   w h i c h   g i v e s  a ve1oci.t). of 1. 490  k m / s e c ,  
aboul  4 t i m e s  f a s t e r  t h a n  n o r m a l  s o l a r  w i n d .  T h e  oLher  two events  were 
preceded  by  unulLiplc: ~ J U ~ S L S  w h i c h   g i v e   v e l o c i t i e s   a n y w h e r e   f r o m  4 3 0  
to  1 ,  170  knn/sec .  
A s e p a r a t e   ~ s p c r i m e n t   w i t h   P i o n e e r  VI \vas p e r f o r m e d   b y   R i c h a r d  h4. 
Goldstein ( R e f .  31 ), who uneasu rcd  Lhe s p e c l r a l  b r o a d e n i n g  of Lhe s igna l  
a s  a r e s u l t  of p a s s n g c  t h r o u g h  t h e  c o r o n a .  H i s  e x p e r i ~ n e ~ l t  a l s o  s t r a d d l e d  
t h e  o c c u l t a t i o n  ( , v e n t  a n d  w a s  p e r f o r m e d  f r o m  O c t o b e r  31 to  December  8, 
1 9 6 8  d u r i n g  wh ich  t ime  the  l i ne -o f - s igh t  f rom the s p a c e c r a f t   m o v e d   f r o m  
about  3. 5" on one s ide of Lhc Sun l o  2. 5O on t h e  o the r .  The r e c e i v e d  
s igna l  was dividcd into 15 minutc  11locl~s a n d  a F o u r i e r   t r a n s f o r m  of c a c h  
block CCJIYIl3lllCd l o  unakc s p e c t r o g r a m s   i n  a 100  137, band\vitlth. 
GoldsLcin particularly rcma1-1ced on t h e  d i s a p p e a r a n c e  of the signal.  
a t  lo f r o m  the  cenl:er of t h e  s u n  e v e n  t h o u g h  the  v i s ib l e  r ad ius  of the s u n  
is  only  abouk 0 .  26O,and Lhc sysLem had  suf f ic ien t  capabi l i ty  to  t rack  much 
c l o s e r  to the  Sun. Colds t e in  s t a t e s  t ha t  t hc  behav io r  is  a s  ~ - h o u g h  the 
d i s c  of thc Sun has a n  S - b a n d  d i a n l e t e r  of 2". The 210 foot. dish has a 
b e a m  widt.11 of o n l y  0. 14' a t   S - b a n d   a n d  a sys l -em noise  L-empcra tur ' e  of 
0111,- 25O I< when  po in ted  f a r  fro131 [-he Sun. Of c o u r s e  near  the Sun s i d e ,  
lobcs  of the  an tenna  wi l l  p ick  up e x t r a  n o i s c  f r o m  Lhe Sun. At. l o  th i s  
r a i s e s  t h e  e f f e c t i v e  s y s t e m  n o i s e  t e m p e r a l u r e  t o  t h e  r a n g e  of 20Oo-30Oo1<. 
M o r c o v c r ,  a s  t h e  a n t e n n a  relates t o  t r a c k  the Sun s o m e  of t he  minor  lobes  
of the  an tenna  w i l l  go on and  off t h c  Sun 's  d i s c  a n d  c a u s e  sl.ighL1y e r r a t i c  
n o i s e  e v e n t s .  N c v c r t h c l c s s  a t  l o  f r o m  the Sun t h e r e  w a . s  ample s i g n a l -  
t o -no i se  r a t i o  to  cont inue  t racking  had  thc  Sun p e r m i t l c d  L1-lis. The 
a p p a r e n t  loss of s igna l  could  be Lhe r e s u l t  of a s u d d e n  i n c r e a s e  i n  a b s o r p -  
t ion ,  p o s s i b l y  s c a t t e r i n g ,  o r  m o r e  l ike ly  a f r e q u c n c y  s p r e a d i n g  [hat 
r educcd  the s p e c t r a l  d c n s i t y  of s igna l  be low the  noise  1cvc:l. 
G o l d s t c i n ' s  p r i n c i p a l  r e s u l t s  w e r e  t h c  o b s c r v a t i o n  of the s a m e  lhree 
even t s  t h a t  Levy  e t  a1  obse rved ,  and  the  obsc rva t ion  of  Lhc s p e c t r a l  
b roadening  j u s t  be fo re  and j u s t  a f t e r  the s igna l  d i sappea red  beh ind  lhe 
Sun. On N u v c m h e r  8 for  example ,  the  s igna l  bandwidth  jumped suddenly  
from a r e s i d u a l  of abouL 2 Hz aL 1641 o'c.loclc to a bandwidth of about  1 0  
117, a t  1701, and conlinuccl to g r o w  Lo n e a r l y  20 H z  a t  1 7 5 2 .  F r o m  then on 
the 1mndwidLh d e c a y s  unuc.11 m o r c  g ~ - a d u a l l y  Lhan i t  w idens .  Cur ious ly ,  
Coldstcin did noL s t a l e  that t h e  s u d d e n  o n s c ~  a n d  g r a d u a l  d c c a y  is  \\>hat 
one woultl  expect i f  a m o r c  or less s p h e r i c a l  s l ~ c l l  of p l a sn la  f r o m  t h e  
Sun  s t ruck  lhe l ine-of-s ight .  The  s h o r t   d i n ~ c ~ ~ s i o n  of an  e spand ing  shell 
\\::auld conlil1ue to l ie u.i thin the l inc-of-sight for a long  t ime unt i l  the  
s h e l l  passed  both  Lhe s p a c e c r a f t  a n d  the Eart:h. 
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The Super io r   Con junc t ion  of M a r i n e r  I V  
O n  M a r c h  2 6 ,  1 9 6 6  t h e  l i n e - o f - s i g h t  t o  M a r i n e r  IV p a s s e d  the Sun 
a t  a d i s t a n c e  of 3.  3 s o l a r   r a d i i   f r o m   t h e   c e n t e r  of t he  Sun ' s  d i sc ,  F ig .  1 6  . 
A t  t h i s   t i m e  the r a n g e   t o   t h e   s p a c e c r a f t   w a s   a p p r o x i m a t e l y  328 G m ,  
s l i gh t ly  over  2 a. u. 1 n . o t h e r  w o r d s  t h e  s p a c e c r a f t  was s l i g h t l y  f a r t h e r  
f roun the Sun than the E a r t h  i s .  G o l d s t e i n  ( R e f .  32 ) s t u d i e d  r a d i o  p r o p -  
ga t ion   t h rough   t hc   so l a r   co rona  a t  a f r e q u e n c y  of 2 .  116 G H z  on the  upl ink  
and 2. 295 GHz on the downlink. At this t ime in the l ife of t h c  s p a c e c r a f t  
t he  d i r cc t iona l  an tenna  was poin ted  a w a y  f r o m  E a r l h ,  so  t h e  e x p e r i m e n t  
had  to b e  p e r f o r m e d  w i t h  t h e  o u n n i d i r e c t i o n a l  s p a c e c r a f t  a n t e n n a .  F o r  
the upl ink 100 ki lowatls  was t r a n s m i t t e d  f r o m  an 8 5  foo t  an lenna  a t  t he  
Go lds tone  t r ack ing  f ac i l i t y ,  and  the  spaccc ra f t  r ece ived  wi th  a no i se  
t e m p e r a t u r e  i n  t h e  ne ighborhood of 2000°K. For the  downli.nlc the s p a c e -  
c ra f t  t r ansun i t t ed  abou t  5 to  1 0  wa t t s ,  wh ich  was r c c c i v e d  a t  the 210 foot  
an tenna ,  \x'hich has 61. 8 db ga in  and  a n o i s e  t e m p e r a t u r e  of 27OK when the 
an tenna  i s  pointed far from Lhe Sun. The r e c e i v e d  s i g n a l  a t  conjunct ion 
was -170 d b m ,  o r  10 w .  During  the e x p e l . i ~ - n e ~ ~ t  t h e r e  was a p p r o s i -  
matc ly  20  d l ,  c x c e s s  s o l a r  n o i s e  r e c e i v e d  a t  t h c  g r o u n d  s t a t i o n ;  thaL i s ,  
the  ovc l .a l1  noise  tempcr3ture  was ortel l  i n  the  r a n g c  2OO0-3Oo01< w l - 1 ~ 1 1  
thc antcnna s i d c  10l;c.s picked u p  solar no i se ,  i n s t ead  of Lhe nou-ninal 2 7 O K .  
-20 
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by reca l l i ng  tha t  t hc  round  t r ip  s igna l  p ropaga t ion  t ime  is i n   e x c e s s  of 
30 m i n u t c s .  T h u s  whcn t h c  t r a n s m i t t e r  w a s  tuned to  the proper f r equency ,  
30 n101-c n ~ i n u t c s  e l a p s c d  b c f o r e  t h i s  f a c t  w a s  kno\<;n to  the  e>:per imenter  
doing the Lulling. A s  a r e s u l t  the two-way acquis i t ion prob1en-i  consumed 
a n  e s c c : s s i v e  a m o u n t  of t racking t iunc,  which \ \ 'as  used to  maximun2 advan-  
tagc by opcrating thc do\i;nlink in thc onc-way mode whilc t h e  t r a n s m i t t e r  
was being tuned f o r  a c q u i s i t i o n .  T h c  t w o - w a y  s p e c t r a  a r e  p l o t t c d  i n  F i g ,  1 7 b  
with a s p e c t r a l  r c s o l u t i o n  of 0 .  9 8 4  IJx. 
Note that: thc t w o - w a y  s p e c t r u m  i s  about  3 t in lcs  a s  w i d c  a s  t h e  o n e -  
w a y  spectrum. I n  his d i s c u s s i o n  GoldsL:(:in t r e a t s  this a s  a n  a n o m a l o u s  
r e s u l t ,  'I. but he d o e s  r c r x a r k  t!Iat the t r a n s p o n d c r  t r e a t s  t h e  s i g n n l  i n  a 
non l inea r  f a sh ion .  The t r a n s p o n d e r  response \<.as fasL enough to  ( r a c k  
t h e  p h a s c  v a r i a t i o n s  t h a t  r e s u l t  from p a s s a g c  t h r o u g h  the c o r o n a  011 the 
upl ink,  but  thc t ransponder  did n o t  r ep roduce  ampl i tudc  va r i a l - ions .  
Ins tcad  the  t ransponder  gc?J?era tcs  a f ixed au-ipliLucle a t  al l  t i m e s .  In 
t e r m s  of t h e  m o s t  r e c e n t  m o d ~ 1 ~  oi thc 1)ehavior  of thc s o l a r  c o r o n a ,  
s o m e  o f  wllic!> have heen  pub l i shed  s ince  Go lc l s t c in ' s  r epor t ,  u.c be l i eve  
tha t  w c  can  expla in  thc  escE:ss  spec t ra l  b roadening  of the two-\vay signal 
i n  2 r e a s o n a b l e  n'ay that  is based on the ~ l o n l i n e a r  t r a n s p o n c l c r  r e s p o n s e .  
113 the  fol lowing sect ion t h a t  d e a l s  wit.h s c a t l e r i n g  L!lcory, we dwell on this  
po in t  t o  some  ex ten t ,  because  i t  b r ings  ou t  i n t e re s I : i ng  cons i s l ency  checks  
in  our  knov, , ledgc of tile c o r o n a ,  and b e c a u s e  i t  givc:s s o m e  ins ight  in to  
c r i t e r i a  i o ] -  c h o o s i n g  a n  o p t i m u m  f r c q u e n c y  f o r  s t u d i e s  of t h e  c o r o n a .  
In h i s  a[. tempt to  u n d c r s t a n d  the e x p e r i m e n t a l   r c s u l l s   a n d  re la lc  
them to  the  gene ra l  body  of knowledge ,  Go lds t c in  pe r fo rmed  an i n l p r e s s i v e  
n u m b e r  of c h e c k s  and aus i l . i . a ry  expe r imen t s .  Of c o u r s c  t h e  u l t i m a t e  
check ,  a con lp lc t e  ana lys i s  and  s t u d y  of t h e  p e r f o r m a n c e  of t.he s p a c e -  
c r a f t  t r ansponder ,  \ v a s  no t  poss ib le .  I-Iou,ever,  he did  clet-ermine that 
t h e  s p a c e c r a f t  r c s p o n d c d  a s  expec ted  to  ce r t a in  a r l i f i c i a l  s igna l s  l vh ich  
w e r e  i n t e n d e d  t o  s i m u l a t e  t h e  e f f e c t s  of c o r o n a  a t  t i m e s  w h e n  Lhe l i n e - o f -  
s i g h t  w a s  \vel1 r e m o v e d  f x u m  the  corona .  He a l s o  p e r f o r m e d  a n u m b e r  of 
c h e c k s   u s i h g  a t r ansponder  on  the  g round  which \ \ 'as a dupl ica te  of the 
s p a c e c r a f t  t r a n s p o n d e r .  F i n a l l y  C o l d s t c i n  d e v o t e d  a c o n s i d e r a b l e  a m o u n t  
of s tudy  to mon i to r ing  and  ana lyz ing  the  pc r fo rn lance  of the  g r o u n d  s y s -  
t em.  Among  o the r  t h ings  he no ted  excess  no i se  when  the  pos i t i on  of the  
Sun o c c u r r e d  a t  p a r t i c u l a r  v a l u e s  of the a x i m u l h a l  angle 6 about  the 
axis of t h e  a n t e n n a .  T h e s e  e x c e s s  n o i s e  a n g l e s  w e r e  90° f r o m  t h e  a z i m u t h a l  
a n g l e s  or t h e   q u a c l r i p o d   l e g s   c ~ h i c k   s u p p o r t   t h e   c a s s i g r a i n   r e f l e c t o r   f r o m  
t h e  m a i n  2 1 0  f o o t  s u r f a c e .  T!Iis phenon2cnon was  cxpla incd  as  s ide  lobes  
genera tcd  by  thc  c luadr ipod  legs  which  break  the  az in lu tha l  syn- imct ry  
of t h c  a l ~ t e n n a .  
:::GoldsL.ein does  sugges t  an  cxplana t ion  based  on  the d i f f e rencc  in  g round  
an tenna  a r eas  €or  u p -  and  downl inks ,  bu t  t h i s  e sp lana t ion  has  been  
d i sp roven .  
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The M c a s u r c m e n t  of I n t c r p l a n c t a r y  E lcc l ron  l l ens i ty  
w i t h   P i o n e e r  VI1  
T h e   P i o n e e r  VI1 e x p e r i m e n t  w a s  conducted  dur ing  the f a l l   and   w in te r  
o i  1966-67  b y  K o e h l e r  (Ref. 3 3 )  of E s h l c n ~ a n ' s   g r o u p  a t  Stanford Universi t -y  
( R e f .  34 ) .  They u s e d  t h c  S t a n f o r d  1 5 0  foot parabo1oi.d antci:na. T h i s  
e x p e r i m e n t  d i f f e r s  f r o m  Lhe othc:rs i n  t h r e e  s i g n i f i c a n t  w a y s . '  Firs[-, t he  
l i n e  - o f - s i g h t  d i d  n o t  p a s s  n e a r  t h e  Sun. Second,  the p r o p a g a t i o n  e x p e r i -  
unent w a s   p c r f o r m e d   e n t i r e l y  on the upl ink;  the downl ink  served  only  as 
a t e l en lc l ry  channe l  to r e t u r n  t h e  d a t a .  T h i r d ,  a n d  m o s t  i m p o r t a n t  f o r  
o u r  p u r p o s e s ,  i s  the u s e  of two widely d i f l e r ing  b u t  harmonically r e l a t e d  
f r e q u c n c i c s ,  n a m e l y  49. 8 and 423 .  3 MHz, in  thc p r o p a g a l i o n  e x p e r i n l e n t ,  
i, c. , the uplink in this c a s c .  
The  alIo\rc d e s c r i p t i o n  i s  o \ . -e rs impl i f ied ,  because  d isconl inuous  
t r a c k i n g  c a u s c s  c o m p l i c a t i o n s  t h a t  I o s c  Lhc R uncasurc112cnt,  but  relain 
thc I m e a s u r c m c n t  and  i t s  c o r o n a  i n f o r m a t i o n .  T o  eva lua te  the  to ta l  
phase p a t h  l eng th  fo r  Eq. [ 3 ) one n2usl count  thc Lotal n u m b e r  of w a v e -  
Icngt-11s a l o n g  the l ine-of-s ight  f roin the Earl11 to s p a c e c r a f t .  T o  d o  this 
prec isc ly   \v i th  the [ . \ \ a 0  frequencies uscd ,   onc   \~ouI r l  lh;L\.,c to  n1ainlain 
con t inuous  communica t ions  \\fill1 t hc  spacec ra f l  and  coun t  cyc le s  con t in -  
uous ly  af ter  launch. This w a s  i n ~ p o s s i b l c  b e c a u s e  therc w a s  no wor ldwidc  
n e t  a s s i g n e d  to t h e  P i o n c c r  p r o p a g a t i o n  expe r imen l ,  s o  the  up l ink  was  
b r o k c n   f r o m   t h e   t i m c  the s p a c e c r a f t  s e t  on t he  hor i zon  a t  S tanford  unt i l  i t  
r o s c   a g a i n   h a l f  a clay l a l c r .  
T h e  a l t e r n a t c  m e t h o d  i n v o l v c d  two m o d u l a t i o n  f r e q u c n c i e s  f m  = 8. 7 
and l h e n  7. 7 k€Iz i n l p o s c d  o n e  a t  a t i m e  on both  c a r r i e r s .  F i r s t  c o n s i d e r  
the 8. 7 kHz modulat ion.  Owing t o  the d i f f e ren t  g roup  velociLies a t  t h e  two 
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c a r r i e r   f r e q u e n c i e s ,   t h e   m o d u l a l i o n   a r r i v e s  w i t h  d i f f e rcn t  phases  on  the  
t w o  c a r r i e r s ,  a n d  t h e  p h a s e  d i i f e r e n c c  i s  a m c a s u r e  of c o l u m n a r  e l e c l r o n  
content  I. The c o n v e r s i o n  of phase to I is acco1npl.ishet1  by a g r a p h  
s u c h  a s  that: shown i .n  t h e  u p p e r  plot  of F i g .  18 ( e x c e p t  6 = 1 0  Hz 
i n s t e a d  of 8. 7 kHz in  th i s  graph) ,  b u t  m o r e   t h a n  one p l aus ib l e  va luc  of I 
m a y  r e s u l t .  For e x a m p l e ,  a m e a s u r e  of 0 .  1 c y c l e  of phase  c o u l d  r e p r e -  
s e n t  1 .  1, 2. 1 ,  3 .  1,  . . . e t c .  c y c l c s .  In o t h e r  w o r d s  t h e r e  is  a c y c l c  
ambiguity. T h i s  i s  r e s o l v e d  with Lhe 7.  7 k H z  m o d u l a l i o n  w h i c h  c o r r e s p o n d s  
to  the lower  p lo t  in  the f i g u r e .  ( T h e  s a m e  r e l a t i v e  g r o u p  t i m e  d e l a y  c o n -  
l a i n s  f e w e r  c y c l e s  of l ower  flll. ) The po in t  where  thc  L\vo p l o t s  a g r e e  on 
the: s a m e  v a l u c  of I ( S C C  a r r o w )  is the  t rue  va lue .  
fnl 
Once the absolu te  va lue  of I i s  e s t a b l i s h e d  a t  t h e  s t a r t  of t r a c k ,  
t hen  i t  i s  poss ib le   to   fo l low  changes ,   bo th  AI a n d  D R ,  f o r  t h e  d u r a t i o n  
of t r a c k  by the o r i g i n a l  s i m p l e   neth hod o f  Ea,. ( 3 ). However ,  i onosphe r i c  
p e r t u r b a t i o n s   a r c  a r e a l  p r o l l l e m .  
Much o€ K o c h 1 . e r ' s  p a p e r  c l c s c r i b e s  c l e v e r  m e a n s  €or  renlovingg thc 
effect 'of the elect .ron content of Lhe E a r t h ' s   i o n o s p h e r e   i r o m  the expc.1-i - 
n-~enta l .  resu l t s .  He  ln t ro t luced  the  use fu l  t e r m  " P i o n e e r  e l e c t r o n  c o n t c n l ,  I '  
w h i c h   m c a n s  the i n l e g r a t e d   c l e c t r o : ~   d e n s i t y   a l l   t h e   w a y   f r o m  the ~ I - O L I J I ~  10 
t h e  s p a c e c r a f t ,  f r o m  which w e  \vis11 t o  subLrac t  t he  ionosphe~- i c  e l ec l ron  
con(.ent to  d e t e r m i n e   t h e t l i f f c r e n c e   w h i c h  i s  t h e   i n t e r p l a n e l a r y   e l e c t r o n  
content.  He usccl t h r e e  t e c h n i q u c s  to d e l c r r n i n e  the ionosphe r i c  conl.c:nt. 
The f i r s t  could be p e r f o r m e d  1 to  3 t i m e s   d a i l y   d u r i n g   p a s s e s  of the .Beacon 
satell- i te.  Two f r e q u e n c i e s  \vel-e r e c e i v e d  f r o t n  the  sa t e l l i t c ,  and  t h e  c y c l e s  
of dopp le r  sh i f t  were  coun ted  on e a c h .  T h i s  c o u n t e d  d o p p l e r  r a n g e  i s  a n  
i n c r e m e n t  in  the phase pall1 to the satell i tc wllich can be used in Eq. ( 3 ) 
t o  d e l e r m i n e  t h e  i o n o s p h e r i c  e l e c t r o n  c o n t e n t .  H o w e v e r ,  t h e  r e s u l t s  
r e p r e s e n t e d  o n l y  t h e  a v e r a g e  d i r e c t i o n  of Beacon and  the p a r t i c u l a r  tin-le 
of t he  pas s .  The  second  t echn ique  was  a c rude  one  wh ich  r emoved  t.he 
ionospheric  content  only to  the extent  that  i t  fol lowed a p e r i o d i c  d i u r n a l  
cyc le .  Th i s  was  clonc m e r e l y  by r emov ing  the  componen t  of t h e  P i o n e e r  
r e s u l t s  t h a t  e x h i l ~ i t e d  the d i u r n a l  p e r i o d i c  s i g n a t u r e .  
The t h i r d  and mos t  sa t i s f ac lo ry   t echn ique   fo r   mon i to r ing  the i o n o s p h e r e  
w a s  provided  by  the  launch  of the  geosynchronous  A T S  s a t e l l i t e .  F o r  a 
po r t ion  of the  exper imenla l  per iod  th i s  sa te l l i t e  was  conLinuous ly  above  
t h c  h o r i z o n  a s  o h s e r v c d  f rom SLanfo rd .  The  Fa raday  e f f ec t ,  t ha t  is the 
ro t a t ion  of the  p lane  of po la r i za t ion ,  was  mon i . to red  a t  137  MHz.  T h i s  
was done by slo\vLy ro t a t ing   an   an tenna   w i th   l i nea r   po la r i za t ion   and   obse rv -  
ing the antenna posi t ion [hat  produced a nul l  and s ignif ied that  the an lenna  
po la r ixa t ion  was  oppos i t e  t o  tha t  of the  incoming s igna l .  Dur ing  midday  
the F a r a d a y  e f f e c t  c a u s e d  a p p r o x i m a t e l y  7 h a l f - t u r n s  of the po la r i za t ion  
v e c t o r ,  s o  t ha t  mea- su remen l  a1  midday  is  ambiguous  s ince  7 h a l f - t u r n s  
is i n d i s t i n g ~ l i s h a h l e  f r o m  6 o r  any o t h e r  i n t e g r a l  n u m b e r .  H o w c v e r ,  Lhe 
a m b i g u i l y   w a s   r e m o v e d   b y   t r a c k i n g   t h e   p o l a r i z a t i o n   r o t a t i c n   i n l o  the 
night   when it unwinds to l e s s   t h a n  one half   - turn.  
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K o e h l e r   o b s e r v e d   t h r e e   s t r o n g   e v e n t s   w h i c h   w e r e  a lmost  surely 
the p a s s a g e  of m o r e   o r   l e s s   s p h e r i c a l   p u l s e s  of i n c r e a s e d   c l e c t r o n  
dens i ty .  Koehler in t e rp re t ed  t l l c sc  as fol lows:  
1. An  event  on Oc tobe r  24, 1966 w a s  a pulse   having a d e n s i t y  
of abou t  33  X 1 0  e l e c t r o n s / n ~ ~   a n d  a radial  width,  of 1 0 .  7 
G m ,  w h i c h  t r a v e l e d  a t  3 3 0  k m / s e c .  
6 
2 .  An  event  on N o v e m l x r  1 0  w a s  mort di f f icu l t   to   in te rpre t  
owing  to  uncer ta in t ics  about Lhe i o n o s p h e r e .  
3. The f ina l  event on   January   25 ,  1 9 6 7  can  lle in le rpre ted   \vc l l  
becausc the ionosphcsre  \vas be ing  1nonitorr.d ,.;,it11 the  a id  of 
the ATS s a t e l l i t c  a t  thaL t ime. 111 s u r n l n a f y  i L  was a 
sphe r i ca l  pu l se  of 56 >< 1 0  e l e c t r o n s / m 3  h a v i n g  a r ad ia l  6 
width  of 5. 2 Gm and t r ave l ing  at 350 k t n / s e c .  
Koch le r  mcn t ions  the  poss ib i l i t y  t ha t  pu l se s  hc  obse rved  were not 
neccssar i ly  rad i .n t ing  sp l~e : . ica l ly  f ro tn  sudden  events  on  the Sun. The 
pulse f r o n t s  w e r e  p r o l ~ x b l y  p o r t i o n s  of an Arch i rnedean  sp i r a l  gencra[ .ed  
by t . 1 ~  ro ta l ion  of the Sun in a m a n n e r  ana logous  to  sp i r a l  sp ray  f r o m  the  
ro t a t ing  var ie ly  of water  sprinkler. 
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RELATING RADIO MEASUREMENTS 
TO CORONA P R O P E R  TIES 
Rad i .0   a s t ronon le r s  use h i g h l y   d e v e l o p e d   m e a s u r e m e n t s   t e c h n i q u e s  
to  m o n i t o r   t h e   e m i s s i o n   f r o m   r a d i o  stars t h r o u g h   t h e   s o l a r   c o r o n a   d u r -  
i ng  occu l t a t ion .  The  bas i c  l imi l a t ion  of c :onvent ional  radio astrol1olny 
is t h e  f a c t  t h a t  s u c h  s o u r c e s  a r e  i n c o h e r e n t .  I n  c o n t r a s t ,  r a d i o  p r o b e s  
e m i t  a c o h e r e n t   s i g n a l   w h i c h   a l l o w s   m c a s u r e m e n t s   d i s t i n c t   f r o m   t h o s e  
of r a d i o  a s t r o n o ~ n y ,  t h u s  y i e l d i n g  s o m e  of 1 h e . s o l a r  c o r o n a  p a r a m e t - e r s  
no t  a t t a i n a b l e   h e r e t o f o r e .  
In the fol lo\ving subsccl ions \ v e  d e s c r i b c  t h c  s t a l u s  of t h e  va r ious  
m e a s u r e m e n t s  we c o n s i d e r e d  a p p r o p r i a l e  for  a s o l a r  p r o b e  but we deparL 
f r o m  r i g i d l y  a d h e r i n g  t o  thc t w o  c lasscs  menl ione t l  n l love .  The  fo l lowing  
Tablc  1V sumnumarizes the m c a s u r c m e n l . s  \\'e c o n t c l ~ ~ p l a t e ,  t h e  corona 
p a r a m e t e r s  t h a t  c a n  b e  e x t r a c t - c d  f r o m  those  measurc:unents  a n d  the  
f requency  dependence  of t he  in t e rac t ion  I2et \veen LIlc l n e a s u r c n l c n t  a n d  
the  p lasma i tself .  The  t ab le  makes i t  c l c a r  t h a t  the  p l a s m a  i n t e r a c t i o n  
d e c r c a s e s   w i t h   i n c r e a s i n g   f r e q u e n c y   b u t  w e  sha l l  sc:c in the sect ion on 
M e a s u r e m e n t   A c c u r a c y   t h a l  as f r e q u e n c y   i n c r e a s e s   l e s s   e n e r g y   i s  
r e q u i r e d  p e r  m c a s u r e m e n t  fo r  a g i v e n  a c c u r a c y .  This is  s o  b e c a u s e  
n o i s e   t e m p c r a t u r e   d e c r e a s e s   w i t h   i n c r e a s i n g   f r e q u c n c y   a t   s u c h  a r a t e  
t ha t  i t  nlore t h a n  c o m p e n s a t e s  f o r  the d e c r e a s e d  i n t e r a c t i o n .  I11 addi t ion,  
t h e r e   a r e   m o r e   b a s i c   r e a s o n s  € o r  us ing  h ighe r  f r cqucnc ie s ,  natncly if 
the co rona  i s  a s  i n h o m o g c n e o u s  as onc  expec ts  f rom lhe Pioneel-  and 
M a r i n c r  r n e a s u r c m c n t s  of j i t t e r  bandwi.dtl1, then 11i.gh f r e q u c n c j e s  a r e  
n e c e s s a r y  t o  p e n e t r a t e  l h e  co rona  c l o s e r  to  the  Sun;  f ina l ly  s ince  h i g h e r  
f r equenc ie s  m e a n   w e a k e r   i n l c r a c t . i o n s   t h e   l a t t c r   a r c  m o r e  i n t e r p r c t a b l e  
b y  p e r t u r b a t i o n  t h e o r y ,  i n  p a r t i c u l a r  w l ~ e n  o n e  m e a s u r e s  s c i n t i l l a t i o n .  
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T A B L E  IV IUEASURARLE  PARAMETERS 
. . , , . . - 
C o r o m   P a r a m e t e r  
Co lumnar  
E lec t ron   Dens i ty  
E 1 = JNedS r 
F a r a d a y  
Rotat ion 
> 
Solar  wind  ve loc i ty  a 
Blob S ize  u 
M e a s u r e m e n t  
P u l s e  time delay,  Td,  o r  p h a s e  d e l a y  
5 in   s inusoida l   modula t ion   on  two 
:a r r ie r  wide ly   s epa ra t ed  i n  f requency.  
I i r ec t ion  of po la r i za t ion   vec to r  
scinti l lat ion 
s igna l  ampl i tude  f luc tua t ion)  
AA 
A 
- 
ka t t e r ing   Ang le  A9 
3andwidth of P h a s e   J i t t e r  B 
Frequency  Dependence  
f - 2  
f - 2  
f -  
i f  weak   in te rac t ion  
f-' 
f- 
The c o m p a r i s o n  of w e a k   a n d   s t r o n g   p l a s m a   i n t c r a c t i o n   f o r   c o r o n a  
d i agnos i s  is c r u d e l y  a n a l o g o u s  to  the  fo l lowing  opt ica l  s i tua t ion .  I€ a 
volume is fu l l  of v e r y   t h i n   t r a n s p a r e n t   b a l l o o n s   t h a t   a r e   l i g h t e d   i r o m   t h e  
back ,  then  one  can  s e e  th rough the f ront  ba l loons  and  take  s ize  and  shape  
s t a t i s t i c s  of l a y e r s  f u r t h e r  b a c k .  H o w e v e r ,  i f  the  bal loons a r e  f i l l ed  wi th  
wa te r ,  €o r  s t rong  in t e rac t ion  wi th  l i gh t ,  t hcn  only a bell shaped  d i s t r ibu t ion  
func t ion  of s c a t t e r e d  l i g h t  c a n  b e  m e a s u r e d .  O n e  c a n  d e v i s e  m a t h e m a t i c a l  
m o d e l s  f o r  p o s s i b l e  s c a t t e r e r s  t h a t  w o u l d  p r o d u c e  the o b s e r v e d  s c a t t e r i n g  
function, but m o r e  than one m o d e l  is  1ilcel.y t o  p roduce  the  obse rved  sca t t e r ing  
function. 
F luc tua t ions  
The  ana lys i s  of f l uc lua f ions  nea r ly  a Jways  beg ins  wi th  t h e  s o - c a l l e d  
th in  phase-changing  screen approximal -e ly  i l lus l ra tcd  in  F ig .  19.  Here 
we show two s labs  of cxtendccl  s ca t t e r - ing  med ium wiLh rays  pass ing  I -hrough 
thcm. The one on the lcf t  d o c s  1101 m e e t  t.hc thin scrccn cr i ter i .011,  and 
the onc on the r igh t  docs .  On thc  Ic f t  thc  cumulabivc  sca t lc rs  focus  rad ia-  
t ion on blob a , a n d  off 111011 b . Hence t h e  l e \ rc r  a n n  o r  length of e a c h  
s c a t t e r  i s  iunporlxnl ,  and l h e  slab canl-~ol. 11c c o ~ n p r c s s c d  to an equiva len t  
thin  scrclcn.  On t11e r igh t   the   focuss ing   i s  negligible on b lobs  c a n d  d , s o  
i t  m a y  be collapsc!cl i n t o  an  equ iva lcn t  t h in  sc rccn  tha t  causes  the  s ame  
p h a s e  shi.fts. l h e  rnathcumatics  for  solving t h e  scat ter ing p.robleun uzithoul: 
t he  th in  sc reen  approx ima t ion  are a l m o s t  i n t r a c t a b l e .  The s l r o n g  sca t t -e r ing  
a t  80 MHz (Sunb laxe r )  wou ld  f a l l  i n  l h i s  ca t cgory  fo r  a wide  range  of i tnpor tan l  
pa th  of fse t s ,  bu t  Lhe t h i n  s c r e e n  a p p r o x i m a t i o n  is  v a l i d  i n  a l l  c a s e s  f o r  
S -band  and  h ighe r  i r cquenc ie s .  Col l i s ion  d a ~ n ] ) i ~ i g  is  negl igible .  
W e  begin  the  ana lys i s  b y  a s s u m i n g  a phase f luc tua t ion  func t ion  for  the  
w a v e f r o n t  t h a t  e m c r g e s  f r o m  t h e  t h i n  s c a t t e r i n g  s c r e e n :  
+(X,  y )  = +o [ cos  a x  t c o s  By] (4) 
The exac t  pe r iod ic i ty  in this funct ion i s  a r t i f i c i a l  of cour se ,  bu t  the 
func l ion  i s  o t h e r w i s e  p l a u s i b l e  a s  F i g u r e  2 0  shows f o r  o = n ,  B = n / 3 .  
The exac t  pe r iod ic i ty  g ives  r i s e  t o  diffracLion grat ing Lobes t h a l   a r e  too 
p r e c i s e  a n d  m a y  be s m e a r e d  t o  o b t a i n  a good under s l and in  of thc t r u e  
p a t t e r n  f r o m  random  b lobs .   Notc  the s p a t i a l  a v c r a g e  of t2: 
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D 
/ \  TH I N PHASE- 
\ CHANGING SCREEN 
Figure  19 The thin phase-changing screen ?-?prosirnation  in cor0n.a scatteri:lg 
theory.  Ap;:n:21x-?tio- 5-ils on t".e lcft screcn, and. is valid on thc r ight .  
0 2 4 6 8 
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Also  note  thc  real ism in  thc. c longal ion of t he  f i l . amen ta ry  blobs in  the  
i i g u r e .  'The y t l i rcct ion i.s a l i g ~ ~ e d  \ v i [ . I ~  Lhe magne t i c  f i e ld  and c o r r e s -  
ponds  to  nea r ly  the r ad ia l  d i r ec l ion .  
The g e o m e t r y   f o r   p e r f o r m i n g  Lhc d i f f r a c t i o n   i n t e g r a t i o n   c o m e s   f r o m  
Fig.  21. T h e  i n t c g r a l  fo r  t h e  s i g n a l  r e c c j v c d  017 E a r t h  is 
w h e r e  t h e  s u b s c r i p t  s t a n d s  f o r  o n e - d i m e n s i o n a l ;  e x p l i c i t l y  
$ , ( < , a )  = N J e x p I i k x  2 /z + i b  0 c o s  a . ( x - ~ ) ] d x  ( 7 )  
Equat ion ( 7 )  is eva lua ted  in  terlms of the \vell-known H c s s e l  funct ions 
expansion of  modula t ion  theory .  T h e  p r o c e d u r e  is to expand 
exp [ i@o c o s  ~ ( x  - F , ) ]  in a F o u r i e r  series and  in t eg ra t e .  The r e s u l t  i s  
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When the p l .asma in te rac t ion  i s  small  (h igh  f r equcncy)  , then 
@ << 1 and the t e r m s  J ( G o )  = (@o/2)11?/ ln!   decay   rap id ly .   This  
0 m 
es11 l i c i t l y   demons t r a t e s   u ,hy   h ighe r   f r equency   p l a sma   i n l e rac t ion  i s  s o  
d e s i r a b l e .  On a s t a t i s t i c a l  b a s i s  with ~ - ( : f e rencc  to  o the r  works ,  the  de- 
sirahj . l i ty  of @ < l has  bcen  expla ined  by  Li t t le  and  I - lcwish  (ref. 35) .  
0 
T o   s e c  the t ime c lcpcndcnce  of sc in t i l l a t ion  and  phasc :  j i t t e r  in  the  
r ece ived  s igna l ,  pu t  ; = u t  for a n ~ o v i n g  s o l a r  w i n d .  T h e n  to f i r s t  o r d e r  
(in m )  the p h a s e  j i t t e r  c o m e s  f r o m  the c o s  (0,ut:) t c r m ,  i .  e .  , the band\vitlth 
i s  a b o u t  E= au .  However ,  fo r  s t r o n g  p l a s m a  i n t e r a c t i o n  ( l o w  f r e q u e n c y )  
Q0 i s  l a r g e r  a n d  t h e  h i g h e r  h a r m o n i c s  c o m e  i n  g i v i n g  I3 = I I I ~ U ,  w h e r e  
111 i s  the index  of t e r m s   i n  Eq. (8 )  that  a r e  large enough to be  s ign i f i can t .  
Thus  a1  l o w  f r cquency  when C$ i s  l a r g e ,  o n e  n ~ u s t  a c c e p t  n o i s e  i n  a 
l a r g e r  phase j i t t e r   bandwid lh .  
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Reca l l  Go lds t e in ' s  expe r in l en t  w i th  h4a r ine r  I V  in  u~h ich  the  two-way  
band\i,j.dth w a s  3 .  5 t i m e s  g r e a t e r  t h a n  o n e - w a y ,  a n d  this w a s  n o t  expla incd .  
In 1hat c a s e   w a s  a l i t t l e   m o r e   t h a n   o n c   r a d i a n ,  so  the  seric:s conve rged  
i n  sevci-a1 ter lns .  We offer the  fo l lowing  very  p laus ib le  explana t ion .  The  
dominant  t e rms  of the s e r i e s  s o m e t i m e s  c a n c e l  o u t  i n  t h c  c o u r s e  of n o r ~ n a l  
s c in t i l l a t i on  caused  by  in l e r f c rence  of the i i r s t  i c w   h a r m o n i c s  (11-1 v a l u e s )  
i n  Eq. (8). T h e  r e m a i n i n g  weak t e r m s  h a v e  the  higher  f requency con?-  
poncn t s ,  i .  e. , c o s  ( m c t u t )  e t c .  They  con t r ibu te  no  m o r e  than  usua l  on 
the  one-way l ink ,  bu t  the  AGC ef fec t  of t h e  h l t i r i n e r  t r a n s p o n d c r  a m p l i t i e s  
these  widc  band t.ern-Is to  fu l l  s igna l  s t rength  dur ing  the  sc in t i l l a t ion  fades  
i n  the d o n l i n a n t  t c r m s .  
S o  f a r  " e  h a v e   m e r e l y   d i s c u s s e d  a s ingle  f o r m  (Eq. 4) f o r  the 
phasc  sh i f t  caused  by the  \vhole  sc ; l t t e r ing  screen .  In  prac t ice  one m u s l  
s y n t h c s i z e  t h i s  s h i f t  f r o m  the m u l t j p l e  l a y e r s  of b lobs .  I11 e a c h  l a y e r  t h e  
phasc  sh i f t  i s  j u s t  l ha t  causcd  by the  r e f r ac t ive  index  d i f f e rence  L\n ( T a b l e  I)  
be twccn the  blobs a n d  t h e  a v c r a g e  for the p l .asma,  i .  e .  , 
w h e r e  a is the a v e r a g e  d i m e n s i o n  of the blobs a long  the l ine  of s ight .  
As one  e x p e c t s ,   t h e  @ ' s  a c c u m u l a t e   i n c o h c r e n t l y   l h r o u g h   t h c   l a y e r s  
of b lobs ,  so that  p of Eq. ( 4 )  i s  the  root of t h e  s u m  of A G 2 .  For a 
proof  for t h e  r a d i o  a s t r o n o m y  c a s e ,  s e e  Ref. 3 5 ,  p. 229. 
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For S U I T I C  p u r p o s e s ,  e s p e c i a l l y  i n t e r f e r o m e t r y ,  i t  i s  well t o  e x p r e s s  
t h e  r c s u l i s  a s  a sumnla t ion  of plane wa-,rcs. To do Lhis w e  f j . r s t  go back to 
thc  d i f f r ac t ion  in t cg ra l  ( 7 )  and  in t roduce  the  z dependence  of the signal.  
o r i g i n a t i n g  a t  the d i s i ance  2 z  f r o m  e a r t h  ( s e e  F i g .  Z l ) ,  n a m e l y  
e . T h e  r e s u l t a n t  e x p a n s i o n  f o r  lhe r e c c i v e d  s i g n a l  i21cz 
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m = - m  
exh ib i t s   t he   we l l -known  f ac t   t ha t   t he   s igna l   a t   any   po in t   can   be   t hough t  
of a superposi t : ion of p l a n e   w a v e s ,  each defined by a complex   ampl i tude  
m and IC vec to r  i nc l ina t ion ,  
i Jme-' 4 qTl= m s i n  a/Zk with 
respec t :  to  the  z d i rec t ion .  The latter i s  e a s i l y  s e e n  if we r e l a t e  t h e  
expans ion  ( 9 )  to  a s u m  of p lane   waves   def ined   by   the i r   d i rec t ion ,  
. z m 2 0 2  -1 
m= - 03 
.', I. 
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Some a u t h o r s  u s e  (x i-y /a with the  r e s u l t  a = 2/a .  2 2  
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t h e   d i s c r e t e   a n g l e s   a t   w h i c h  the p l a n e   w a v e s   a r r i v c   a r e   g i v c n  by 
E a c h  m o d e  n u m b e r ,  m i n  t h c  e x p a n s i o ~ ~ , g i v e s  r i s e  to  a p a i r  of d i f f r a c t e d  
w a v e s  of success ivc1 .y  h ighe r  o rde r ,  t 111, wi th  r e spec t ive  r e l a t ive  ene rgy ,  
2 J Nolc that the 1 s t   o r d e r   o c c u r s   a t   a n g l e   ) , / 2 a   b e c a u s e  the p h a s e  
s c r e e n  is  i l luminatecl b y  a po in t  sou rce  at d i s t a n c e  Z z  i n s t c a d  of a plane 
wave  fro111 a s t a r   i n f in i t e ly   r en lo t c .   Fo r   sma l l .   s ca t t e r ing ,  (I << 1 m o s t  
of the e n e r g y  of the   recc ivcc l   s igna l  i s  c o n t r i b u t e d   b y   t h e   u n s c a t t e r e d  corn- 
poncn t  of re la t ive   ampl i t .ude ,  A = Jo(Qo)  - 1 ( s e e  Kc]. 8) .  The only 
s c a t t c r c d  e n e r g y  thaf: adds to  the s ignal  i s  the 1s t  o r d e r  d i f f r a c t e d  wave 
with a r e l a t i v e  a m p l i t u d e  f,A = 2 J 1  (6j ) = @ . F o r  s m a . l l ~  s c a t t e r i n g  w e  s e e  
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f r o m  Eq .  ( 5 )  tha t  thc  s igna l  i s  approx ima te ly  g iven  by  
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M a x i m u m  s c i n t i l l a t i o n  o c c u r s  w h e n e v e r  the  s c a t t e r e d  a.nd the u n s c a t t e r e d  
components  a r e  i n  p h a s e  o r  antiphase. F i r s t  s c i n t i l l a t i o n  i s  w h e r e  
h e n c e  at z = a /x, in the nea r   f i e ld  of the blob.  S ince   t o t a l   i n t ens j ty ,  
I i s  p r o p o r t i o n a l  to  the s q u a r e  of t hc  r e su l . t an t  ampl i ludc ,  A = 1 t I$ 
0 '  
the  re la t ive  in tens i l :y  sc in t i l l a t jon  Al / I  - 2Q0. For a s i n u s o i d a l  p h a s e  
s c r e e n ,  m a x i m u m  s c i n t j l l a t i o n  o r  i n t c r f c r e n c e  O C C U I - s  at  all. z ' s  equal  to  
odd muItip1cs of a2 / ) ,  . I17 r e a l i t y ,  Lurbulence i n t r o d u c e s  r a n d o m n e s s  in 
the s c r e e n  s o  that inhoumogeneitie's in the p l a s m a  a r e  rough ly  dccor rc l a t ed  
beyond a dj.stancc  equj.valc;nt to  the b l o b  s i z e ,  a .  A s  the  d i s t a n c c ,  z 
i n c r e a s e s  a l l o v c  a 2 / ~ ;  con t r ibu t ions  f r o m  o t h e r  l>loI,s colne in wI1icIl a r e  
decor re l a t ed ,  and  sc in t i l l aL ions  caused  by  in t e r f e rence  be tween  sca t t e red  
and  unsca t t e red  con lponcn t s  n o  1 .onge r  osc i l l a t e  and  r ema in  e s sen t i a l ly  
c o n s t a n t .  F o r  d i s t a n c e s  z < a2/X sc in t i l l a t i ons  ne\ 'er bu i ld  up  to  the i r  
re la t ive  leve l . ,  do. T h i s  i s  r e a d i l y  s e c n  i f  w e  d r a w  a phasor diaz1-an1, 
F i g .  2 2 .  At z.=O, t l l c  scatlc.1-cc!  counponctnt oT an~p l i luc l c  p ~ i s  i n  q u a d r a t u r e  
with the unscat tcrccl  wave of unity ampli tude and no scint i l fa t j .on occu1~s.  
A s  z i n c r c a s c s ,  l h e  phase  desc r ibed  by  n -~odu lus  and  argun?c .n l .  0 e - l  xa /4k 2 
ro ta tes   c luc lcwise  and  i t s   i n - p h a s e   c o m p o n c n t  6, s i n  za 2 /4Ic  i n t c r i c ~ . e s   w i t h  
the u n s c a t t c r e d  wave s o  a s  to produce scint . i l la t ion.  Ol ,viously maximum 
intensi ty  scint i l la t ion takes  place \vhcn the p h a s o r  i s  in ant:iphase with the 
u n s c a t t e r e d  w a v e  and i ts  argumc:nt a2z /41< .= n / Z .  F o r  d i s l a n c c  z <<  z , 
t h e  a n t i p h a s e  c o m p o n e n t  h a s  m a g n i t u d e  Q, z / z  and  the resu l t -an t  in tens i fy  
scil i t i l lat iun i s  r e d u c e d   b y   t h e  same r a t i o .  
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F o r  l a r g e  p l l a s c  f l u c t u a t i o n s ,  m o  >> 1 the  expans ion  ( 8 )  shows  tha t  
h i g h e r  o rde r  s ca t t e r ed  waves  con t r ibu te  t o  the r e c e i v e d  s i g n a l  i n  
a manner   t o t a l ly  ana logous  to   t he   s ide   bands  o i  phase modu la t ed  
s igna l s  in communica t ion  theory .  I t  is we l l  known from c o m m u n i c a -  
t i on   t heo ry   and   t he   p rope r t i e s  of Besse l   func t ion   tha t -  for  l a r g e  p h a s e  
deviat ion the s igni i icant  numl,er  of s ide  bands  is ’ m = do a n d  t h a t  
m o s t  of t he  cne rgy  is concent ra ted  a round thc m t h - o r d e r  a s  s h o w n  
in Appendix 3. ‘Thus i n  the c a s e  of l a r g e  phase i l uc tua t lon ,  the c l o s e s t  
in teger  to  <I i s  app rox ima te ly  the  number  o i  s ign i f icant  pai1-S of 
s c a t t e r e d  ,va\’es contl~ibut.ing to the  r ece ivzd  s igna l .  Thus  we  s c e  that. 
weak scat ter ing di1fra .c t .s  energy within a ha l l - cone  ang le  a /2k  abou t  the 
z - axis,  wi th  m o s t  of the energy  undef lec tcd  and  re la t ive  in tens i ty  sc in-  
t i l l a t ion  I\ I / I  = Z Q  . L a r g e  s c a t t e r i n g  r e f r a c t s  the bulk of t h e  e n e r g y  
in  the dircct . ion a/Zk corresponding to  the maxin-mm slope of the 
phase  d i s t r ibu t ion  on t h e  s c r e e n  w h i l e  t h e  r e l a t i v e  s c i n t i l l a t i o n ,  I / I -  1. 
A t  low i r e q u c n c i e s ,   s a y  V I l F  where t h e   p l a s m a - w a v e   i n t c ~ a c t i o n  i s  l a r g e ,  
the pl lase  f l l lc tuat ion,  d olrer the  p ropaga t ion  path e x c e e t i s  m a n y  r a d i a n s ,  
s t ror lg  scat ter ing predu111nates  s o  t h a t  n o  s c i n t i l l a t i o n  i s  observed and 
no  corona  d iagnos t ics  is  poss ib l e  a s  explai .ned in  p. 53 of t h i s   r e p o r t .  
The  s i tua t i .on  i s  s~1m1nar ized  in  the  sca t te r ing  r e y i n ~ e  d i a g r a m ,  F i g .  23a 
based on the convergence of the  expans ion  (8)  i n  @ . The f i g u r e  is con-  
s.istent w i t h  r a d i o  a s t r o n o m y  d a t a  f r o m  Rei. 2.7. Beyond the  d is tance  z 
from t h e  s c a t t e r i n g  s c r e e n ,  the r e c e i v e r  is i n  t h e  far  i i e ld  of the  blob.  
L ines   supe rposed   on   t h i s   d i ag ram  show the m o v e m e n t  o i  a s p a c e c r a f t  
a c r o s s   t h e   d i a g : r a m  for v a r i o u s   f r e q u e n c i e s   a n d   p a t h   o f f s e t s   m a r k e d  a s  
do t s  l abe led  in  so l a r  r ad i i .  A.s  ment ioned  a b o ~ e  p l a s m a  d i a g n o s t i c s  is 
only possib1.e i n   t h e   w e a k   s c a t t e r i n g   r c g i n l e   s i n c e   m e a s u r c d   s c i . n t i l l a -  
t ion yield d i r ec t ly  the  p h a s e  f luc t~ la t ion  wh ich  i s  a m e a s u r e  of the  in-  
tegrated  e1ect : ron  densi ty   f~.uctuat ion < r9 > a s  shown in Tab le  IV. T h i s  
i s  a s t r o n g   a ~ : g u n ~ c n t  for u s i n g   a s  h i g h  f r e q u e n c i e s  a s  poss ib l e .  
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Figure 23b shows the  f rcc luency  range  ava i lab le  for weak p l a s m a   i . n t e r -  
act-.ion a s  a funct ion of pat11 offset .  T h e  u s u a l  NASA S-band 1i11k.s e n t e r  
s t r o n g  s c a t t e r i n g  a t  7 .  5 so l rad ,  and  even  X-band at  3 solrad. T h i s  
does n o t  n e c e s s a r i l y  spoil  the e x p e r i m e n t  a t  thesc o f f se t s ,  bu t  i t  su re ly  
becomes 11-101-e diff icul t  to  r e t a i n   p h a s e   l o c k  and i n t e r p r e t   d a t h   f o r   p o i n t s  
f a r  i n to  the  s t rong  r e g i o n .  
I f  we p u t  in  the  t ime dependance  5 = u t  in to  Eq. (8) to  account  for  the  
r n o v ~ n g  s o l a r  w i n d ,  we s e e  r igh t  away  tha t  for small a t he  s igna l  
f luc tua tes  a s  A t G A c o s  aUt, A being a c o n 1 p l . e ~  n u m b e r .  The sc in t i l -  
l a t i o n  s p e ~ t ~ . u m  c a u s e d  by this wave  in t e r f e rence  has  r ad ian  bandwid th  
13 = a u s o  tha t  if we Itnow the sol-ar wind u we can g e t  the s c a l e  of  
t u rbu lence   t h rough  0. 0 1 1  the  other hand for  l a r g e  6 the I -ece ived  
e n e r g y  s p r e a d s  to  the h igher  d i f f rac t ion  order 1-12 -, Q . The  spcc t ru ln  
not  only has nluc11 larger banc1n,idtl1, 1170 u but since t%e I > ~ I I <  of the e n e r g y  
is  concen t r a t cd  in thc ] n t h  o r d e r  d i f i r a c t i o n  we cannot  reso lve  f luc t .ua t ion  
s c a l e s  l a r g c r  than 1/1-110., or of the  order oi a / b o .  The s t r o n g  p l a s m a  
in t e rac t ion   occu r ing   a t  IO\\. f r c q u e n c i c s   g i v c s  r i s e  to  suc l1  la rge  phase  
f luctuat ion that  no m c a s u r c  of the tur l> ,u lence  sca le  is poss ib l e .  This is 
aho the r   s t rong   a rgunIen t  against  us ing  i reguencies  snx! I .e r  t han  X-band 
f o r  a s o l a r  c o r o n a  p r o p a g a t i o n  c s p e r i m e n t .  
0’  
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P a t h  Offset ,  so la r  r a d i i  
F i g u r e  2 311Condit.ion f o r  V\’ealc I n k r a c t i o n  6, = 1 r ad ian ,  a f tc r  
Hcwish and Syu-~onds (l ief.  2 4 )  
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Another  s1-1ortco11i.ng of the  I .a rgc  pllasc f luc tua t ions  inherent  in low 
f r equenc ie s  i s  tha t  the s c i n t i l l a t i o n  s p e c t r u m  b a n d w i d t h  r e q u i r e s  a phase 
locked loop r e c e i v e r  to h a v c   t h e  s a m e  banclwjc!th in  o r d e r  to accomnloda te  
t h e  p h a s e  j i t t e r  @ a u  r a d i a n s / s e c .  Now let u s  c a l l  c h a n n e l  c o h c r e n c e  
t i l ne ,  Tc  the t i m e  f o r  so la r  wind  inhomogenei t ies  of s i z e  a = , , /T/u and 
v e l o c c y  u to  c ros s  the  p ropaga t ion  pa th .  The  r e su l t i ng  13andwiclth 
B = , I 2  ip /(2TTT ) H z  is much  l a rge r  t han  the  i l l ve r se  of t h e  c o h e r e n c e  
t i m e .  
0 
0 C 
On  the other h a n d ,  f o r  sma l l  phase  dcv ia t ion ,  m = 1, t h e  r e q u i r e d  
phase  locked  loop  I~a.nc1width = 1 / T  H z  is  m u c h  s m a l l e r .  We have  then 
two bandwidths,  1 / T c  d e t c r m i n c d  h y  t h c  s t a t i o n a r i t y  of the  propagat ion  
path a n d ,  f l  b o / ( 2 n T , )  r e l a t e d  to  the r a t e  of change  of the total  phase 
shif t  a long that  1 ~ ~ 1 . 1 1 .  The. 1at:ter i s  ca l cu la t ed  in ~ p p e n d i x  4 a n d  a c o m -  
p a r i s o n  of t11co1.y z n c l  espcr i t11cnt  is  shown in Is'ig. 2 4  as a funcl ion of path 
of fsc t .  T h c  d i s c r c p a n c y  i s  clue to  lack  o f  I<nowlctlp,e of b 1 c ) h  s i z c  and veloci1:y 
a s  a function of path of fse t .  In the L ink  hna l .y s i s  SCC.  111 we use a n  a v e r a g e  
of t h e  c s ~ ~ c r i n 1 c n t a l  c u r v e s  nlar lccd M a r i n e r  I V  and F i o n c c r  11. These  
w e r e  s c a l e d  as  l / f  in Tab lc  I V  for o l l ~ e r  i r e q u ( : n c i ( : s .  
C 
h n a g e  B l u r  C i r c l e  
The pur1)ose of this sul>section is to calculate. the angular s p r e a d  
in the  d i r ec t ion  of incolning rays aitclr p a s s a g e  t h ~ . o l ~ g h  i c so l a r  co rona .  
J n  o p t i c a l  a s t r o n o m y ,  the ana logous  spread is ca l led  a b l u r  c i r c l e ,  s o  we 
use t he  san lc  t e r ln  for cons i s t ency .  W e  can gain some insight by 
e s t i l na t ing  the r m s  angular  devia t ion  P e iron1 data  tha t  were or ig ina l ly  
der ived froln scint i1I .a t ion ol>scrvat ions ( intensi ty  f luctuat ions) .  W e  
t h c n  c o m p a ~ . e  the e s t i m a t e s  to d i r e c t  ~ n e a s u r c m e n t s  of b @ . 
W e  c o u l d  p c r f o r m  a d i f f r a c t i o n  a n a l y s i s  a s  i n  t h e  preceed ing  
subsec t ion  fo r  t h e  s c a t t e r i n g  a n g l e .  The d i i f e r c n c e  is tha t  we have t o  
add  a f a c t o r  for the  thin lobe of a r a d i o  interferometer capable  of 
r e s o l v i n g  t h e  s m a l l  a n g u l a r  s ize .  I lowever ,  i t  is  m o r e  i n s t r u c t i v e  
a t  this point. t o  m a k e  a n  i n t u i t i v e  e s t i m a t e  a n d  s h o w  t h a t  t h i s  g i v e s  g o o d  
r e s u l t s .  D e t a i l s  of the d e v i a t i o n  a r e  g i v e n  in Appendix 5 where  we f ind  
I 
2 
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A8(rms) = 
where  f i s  i n  MHz, 08 in r a d i a n ,   a n d  b is in s o l .   r a d .  
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E x p e r i m e n t a l  v a l u e s  of A 8 f 2  f r o m  S l r c ' s  d a t a  a p p c a r  i n  F i g .  10. 
H i s  d a t a  a r e  c o m p a r e d  to  a plot of lhe  preceding equat ion ,  F ig .  10. Our 
e s t i m a t e s   a r e  too slnall by a f a c t o r  of 5 n e a r  20 so l .  rad.  a n d  a f a c t o r  
of 2 n c a r  2 0 0  sol.  r a d .  T h i s  d i s c r e l ~ a n c y  is not out of rcaso :1  cons ider ing  
the  t ime  of the solar cycle  f o r  the two sets  of data .  A furl.her c a u s e  of the 
d i s c r e p a n c y  appears  in the non l inea r  dependence  of ( A  8 ') upon a ( s e e  
Appendix) .   This  111ca11s tha t   any   s t a t i s t i ca l   moment  of 8 ,  such as the 
v a r i a n c e  w e  a r e  t r e a t i n g ,  d c p e n d s  011 lmany h i g h c r  momc.nt:s of a.  I-Io\r~ever,  
i n   o u r   e s t i m a t e  w e  h a v e  u s e d  only t h c  a v e r a g e  v a l u e  of a fo r  l ack  of 
fur t l ler  data .  Had the Is j .ghcr  nloments  been  ava i l ab le ,  w c  would llave used  
, 
o r  better y e t ,  momellts of the joint: d i s t r i b u t i o n  of AN and  a . The 
point  here  i s  t ha t  t he  ney , l cc t ed  t e ~ : ~ n s  a re  pos i t i vc ,  t hc  proper sign 
to  h e l p   e s p h i n  the d i s c r c p a n c y .  
V a r i o u s  o b s e l - v c r s  (Rcf. 8 ) have n o t e d  s p o r a d i c  i n t e n s e  events 
in the c o r o n a .  T h i s  s u g g c s t s  t!Iat s t a t i s t i c s  of v a r i o u s  q u a n t i t i e s  h a v e  
long- ta i led  d is t r ibu t ion  iu13ct ions ,  which  i n  t u r n  i m p l i e s  that  thc h ighc r  
momcnts a r e  l a r g e r  than they M-ould be for n o r m a l  s t a t - i s t i c s .  S p o r a d i c  
evel1t.s tend to d i s s i p a t e   a n d   a p p r o a c h   n o r m a l   s t a t i s t i c s  at grea t  c l i s t ances  
f rom the sLin; thcreio1.e ,  i t  i s  notewort .hy that  the d i s c r e p a n c y  i n  the  
g r a p h   d i m i n i s h e s  a t  great: dis t .anccs .  
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M e a s u r e m e n t   A c c u r a c y   i n   T e r m s  of S igna l - to -Noi se   Ra t io  
N o i s e  l i m i t s  the u l t in la te  fineness of a ~ n e a s u r e n l e n t .  The 
smallest inc rc lnen t  t ha t  can  be m e a s u r e d  c a n n o t  be s ~ n a l l e r  t h a n  
the noise f luc tua t ions  in the s y s t e m .  T a k e  for  in s t ance  the  m e a s u r e n ~ e n t  
of t ime de lay  Td bc t .wcen  two p u l . s e d  c a r r i e r s .  A f t e r  r .  f .  cletectioll,  the 
pu l se  of width lB and  ampl i tude  A is i m p r e s s e d  011 a m a t c h e d  fi.lter 
of unity g a i n .  The nxttched f i l t e r  c o r r e l a t e s  the input  wi th  i t se l f .  If t he  
no i se   l cvc l   i s  ,/PN , the t inl ing error AT = P -- Since  the 
c a r r i e r  power P = ;A ,  AT^ = T~/J . .~ I , ,  o r  in  t e rms  o f  r e c e i v e d  
e n e r g y  A T d  = T B , / m  . T o  be e x a c t  tl1e1-e i s  a n  a d d i t i o n a l  t i l n i n g  
e r r o r  f o r  the pulse  a t  the second  f r equency  S O  t ha t  s t r i c t ly  speaI<i l~g 
the to t a l  error shou ld   be   t imes  a s  high. A s  expec ted ,  the f i n e n e s s  
of the m e a s ~ ~ r e m e n t  is inverse1.y propol-t.iona1 to the s igna l - to -no i se  
rat.io. l h e  r e l a t ive  111casu re1men t  accu racy ,  a s suming  the second 
f requency   much h i g l ~ e r  F >> f i s  
'2 
2 
S 
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I = rNedl  i s  t h e  i n t e g r a t e d  c l e c t l o n  d e n s i t y  a l o n g  t h e  r a y  pa th ;  
T g  of the o r d e r  of tlle r i s e  tilme as shown in Appendix 1 i s  i n v e r s e l y  
p ropor t iona l  to  f 3 / 2  . Since Td is propor t iona l .  to  I , the   above  
is  a l s o  t h e  r e l a t i v e  a c c u r a c y  with which I c a n  be deterln(11ed. I t  is 
convenient  to  e x p r e s s  the  r e c e i v e d  e n e r g y - t o - n o i s e  r a t i o n  E / N  , in 
t e r m s  of the t r a n s n l i t t e d  d i r e c t i v e  e n e r g y ,  ETCT , the noise 
t e m p e r a t u r e  of t h e  r e c e i v i n g  s y s t e m ,  TN and the c a p t u r e  a r e a  A 
of the r e c e i v e r ,  
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T h e   l e f t - h a n d   e x p r e s s i o n  r e w r i t t e n  as  2 is  r ecogn ized  
(Td/  A d )  
a s  t h e  r e q u i r e d  e n e l - g y  p e r  r e s o l v a b l e  m e a s u r e m e n t s ,  f o r  a g iven  
c o l u m n a r  e l e c t r o n  d e n s i t y ,  I . T h i s  e x p r e s s i o n  is a u s e f u l  f i g u r e  of 
m e r i t  t o  c o m p a r e  c a n d i d a t e  s y s t e m s  f o r  the d o w n l i n k  e x p e r i m e n t s  s i n c e  
the s p a c c c r a f t  imposes an  uppe r  l imi t  0 1 1  avai l . ab le  energy .  The expl ic i t  
f requency  dependence ,  f on the r igh t  hand . s ide  of the equa t ion  comes  
a b o u t   f r o m   t h e   d e c r e a s e d   i n t e r a c t i o n   b e t w e e n   p l a s m a   a n d   m e a s u r e m e n t .  
A s  i r e q u e n c y  i n c r e a s e s ,  m o r e  e n e r g y  i s  r e q u i r e d  to  a c h i e v e  t h e  s a m e  
a c c u r a c y  i f  e v e r y t h i n g  e l s e  i s  c o n s t - a n t .  H o w c v e r ,  n o i s e  t e m p e r a t u r e  
in a downli.nlc system g o e s  down with freqj lency,  in  general  at a € a s t e r  
r a t e  than l / f  s o  t ha t  i t  m o r c  than con lpcnsa te s  fo r  the d e c r e a s e d  
i n t e r a c t i o n .  A s  we  shall see i n  the  sec t ion  on Link  A n a l y s i s ,  the o v e r a l l  
r e s t l l t  is  tha t  h i g h e r  f r e q u e n c i e s   r e q u i r c   l e s s   e n e r g y   f o r   m e a s u ~ : e ~ n e n t  
i n  downl i~~ lc   expc r in l en t s .  
I t  i s  a s i n l p l c   m a t t e r   t o   g e n e r a l i z e   t h c   a b o v c  results; n a m c l y  if we 
measure a v a r i a b l e ,  v such  as T with a n lcasu r ing   func t ion  
r n ( v ) ,   t h e   I n i n i n l u r n   m e a s u r a b l e   i n c r e m e n t   ~ n ( v )  i s  d '  c p d  
w h e r e  m '  is t h e  m a x i m u m  slope of t h e  m e a s u r i n g  f u n c t i o n .  T h e  s q u a r e  
roo t  on ly  app l i e s  if t h c  m e a s u r e m e n t  i s  b a s e d  on a m p l i t u d e s .  F o r  
p o w e r   m e a s u r e m e n t s ,  v = 5 1  
m '  (v)  
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Upl ink   In t e r f e romet ry  
M e a s u r e m e n t s  of s c a t t e r i n g  a n g l e s  by r a d i o  i n t e r f e r o m e t r y  h a v e  
been  so  usefu l ,  tha t  we do  not  wish  to  sac~ . i . f ice  th i s  capabi l i ty  in an  upl ink  
expe r in l en t .  Even  though  sca t t e r ing  i s  a quan t i ty  tha t  can  be  measu rcd  
wi th  r ad io  s tars ,  i t  i s  d e s i r a b l e  t o  m e a s u r e  t h e  s c a t t e r i n g  c a u s e d  b y  the 
s a m e  s o l a r  e v c n t s  b e i n g  m e a s u r e d  i n  o t h e r  w a y s  b y  t h e  s p a c e c r a f t  
e x p e r i n ~ c n t .  F i g . 2 5  shows a way to r e t a i n  i n t e r f e r o n l e t r y ,  bu t  only at 
the expense  o i  complic:at- ing spacecraf t  data  reduct ion.  One s t a t ion  
t r a n s n l i t s  a s l igh t ly  h igher  f requency  than  the  o ther ,  so  tha t  l obes  sweep  
ac ross  the  spacec ra f t .  The  spacec ra i t  r ec : e ives  an  ampl i tude  modu la t - ed  
s igna l ,  and  the  j i t t e r  on th i s  modu la t ion  is a m e a s u r e  of the s c a t t e r i n g  
angle in the corona.  
I€ t h e  a n t e n n a s  a r e  too f a r   a p a r t ,   i .  e .  , l o b e s  too  c l o s e  t o g e t h e r ,  
then the  j i t t e r  i n  the  lobe  ang le  wi l l  exceed  the  lobe  spac ing ,  and  r e su l t s  
wi l l  he d i f f i cu l t .  t o  i n t e rp re t .  The  shor t e s t  i n t e r f e ron le t e r  baseline: 
i s  needed  fo r  sho r t  pa th  o f f se t . ,  s ay  3 s o l r a d .  The s p a c i n g s  a p p r o p r i a t e  
to th i s   o f fse t  a r e  given in the Fig. 25 
C o l u m n a r   E l e c t r o n   D e n s i t y   a n d   F a r a d a y  KOt3tiOll 
For the m o s t  part these  top ics  have  been  d iscussed  suf f ic ien t ly .  
Columnar  dens i ty  is  t r e a t e d   b r i e f l y  in t h e   s p a c e c r a f t   E x p e r i l n e n t  
sec t ion  and  under Link A n a l y s i s .  F u r t h e r  d i s c u s s i o ~  a p p e a l - s  in papers  
by Koehler (Ref.  3 3 )  a n d  E s h l e m a n  (Rei. 34) ,  and  unpub l i shed  r epor t s  
of the Stanford  group and  the NLJT Sunb laze r  g roup .  
Far .aday rotat- ion is d i s c u s s e d  in t h e  S p a c e c r a f t  Experiment sec t ion  
and by. Levy, e t  a1 (l ie€.  3 0 ) ,  and the other p a p e r s  a n d  r e p o r t s  j u s t  
ment ioned .  
One added poi.nt on this sub jec t  is tha t   t he  two f r e q u e n c i e s   r e q u i r e d  
f o r  the e l ec t ron   dens i ty   measu ren1en t   mus t   p ropaga t - e  in t h e   s a m e   d i r e c t i o n  
that j s hot.11 uplink o r  Loth downlink.  This  is  not a s t r i c t   l i n ~ i t   i m p o s e d  
13y pI1ysical law, 11ut rat.1ler a prac t ica l  resu l t .  Cons ider  wl la t  13appens  
if  we a t t e m p t  to count the n u m b e r  of cyc le s  of t\vo c a r r i e r   f r e q u e n c i e s ,  
one on the uplink and one on the downlink. In o r d e r  to compare  the  two 
counts   the   f requencies  Inl1st both be d e r i v e d   f r o m  a p r e c i s e   f r e q u e n c y  
s t anda rd ,  and  t.he counting o i  e a c h   m u s t   t e r m i n a t e   a t  the  sanle  t i rne .  
T h i s  r e q u i r e s  t h e  s y n c h r o n i z a t i o n  of a c lock  on b o a r d  the spacec l - a f t  
with a c lock on the ground.  If t h i s  i s  done  by sending  synch  s igna ls  to 
the s p a c e c r a f t ,  t h o s e  s i g n a l s  have to be on a s e p a r a t e  c a r r i e r  to  r e m o v e  
the  e f fcc ts  of e l e c t r o n  d e l y s i t y .  T h i s  s e p a r a t e  c a r r i e r  t h c n  e s t a b l i s h e s  
t w o   u p l i n k   f r e q u e n c i e s   w h i c h   m a y   a s   w e l l  be the e x p e r i m e n t a l   i r e q u e n c i e s  
and the downlink is  not needed   fo r   t ha t   pu rpose .  
H o w e v e r ,  i f  the s p a c e c r a i t  c l o c k  i s  s y n c h r o n i z e d  w i t h  t h c  grour;d 
clock by m e a n s  of i t s  onw bu i l t - i n  p rec i s ion ,  t h i s  would rcquirc a n  al .omic 
clock in  the craf t ,  which  impl ies  cons iderable  deve lo1xment -  r i sk ,  s ince  
SPACECRAFT 
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P R O P A G A T I O N  LINK ANALYSIS 
T h c   p u r p o s e  of t h e   S u n b l a z e r   e x p e r i m e n t   i s   t o   m e a s u r e  (1) F a r a d a y  
rotatj.011, ( 2 )  f l uc tua t ions  in  phase ,  ang le  and  in t ens i t  of t h e  r a d i o  s i g n a l ,  
a n d  e s p e c i a l l y  (3 )  i n t e g r a t e d  e l e c t r o n  d e n s i t y  I ( e l / m  k ). T h e s e   m e a s u r e -  
m e n t s  a r e  r e l a t e d  to p a r a m e t e r s  of t h e  s o l a r  c o r o n a  a s  d i scussed  in  de-  
t a i l  i n  l-he p r e c e e d i n g  s e c t i o n .  T h i s  s e c t i o n  i s  d e v o t e d  t o  d e t e r m i n i n g  t h e  
f r equency  a t  wh ich  the  measu remen t s  shou ld  be  mac le ,  and  whe the r  an  
upl ink  or  downl ink  should  be  u s e d  f o r  the propagat ion  cxper iment .  By 
d e f i n i t i o n  a n  u p l i n k  h a s  i t s  t r a n s m i t t e r  l o c a t e d  o n  e a r t h  a n d  r e c e i v e r  in 
t h e  s p a c e c r a f t ,  a n d  a downl ink  v i ce  ve r sa .  The fo l lowing  l ink  ana lys i s  
p r o c e e d s  as fo l lows:  (1)  the  opt imum downl ink  f requencies  are d e t e r -  
mined, (2) t he  op t i rnh rn  up l ink  f r equenc ie s  a rc  de t e rmined ,  S and  X-band,  
and ( 3 )  a d e c i s i o n  i s  m a d e  t h a t  u p l i n k  i s  p r e f e r a b l e  to downlink. 
M o s t  of ou r  s tud ie s  to  da t e  have  a s su lnec l  t ha t  t he  r c~ce iv ing  an tenna  
is  pointed in  the n o r m a l   w a y   t o   r e c e i v e   t h e   m a x i m u m   a m o u n t  of s igna l  
s t r e n g t h .  H o w e v e r ,  f o r  s o m e  candida te  sys teuns  i t  would be  advantageous  
to  point  a null  of t h e  a n t e n n a  p a t t e r n  a t  Lhe Sun,  Lhc n l a j o r  s o u r c e  of 
n o i s e ,  e v e n  though  t h i s  s a c r i f i c e s  a conside1-able  amount  o f  s igna l  s t r eng th .  
T h i s  i n t r o d u c e s  a n u ~ n b e r  of c o m p l e x  c o n s i d e r a t i o n s ;  f o r  c x a n ~ p l e ,  i s  i t  
f e a s i b l e  t o  \vide11 a null  of t he  an tenna  pa t t e rn  to  encompass the whole  
S u n ,  o r  is t h e r e  an e v e n  m o r e  a d v a n t a g e o u s  p o i n t i n g  d i r e c t i o n  s o m e w h e r e  
be tween  the  nu l l  po in t ing  and  no rn~a l  po in t ing  men t ioned  above?  Owing  
to  considcraLions such as  t h c s c ,  a t ru ly  conlp le te  t rade-of f  s tudy  of the 
v a r i o u s  l i n k s  i s  a more  p ro longed  ac t iv i ty .  
Since the  in t eg ra t ed  e l ec t ron  c l ens i ty  ( I )  i s  t h e  m o s t  i m p o r t a n t  
quan t i ty  to  measu re  i t  r ece ivcbs  the  mos t  a t t en t ion  j n  th i s  sec t ion .  Also, 
a s  shown in  the  prccecding  sec t ion ,  if a m e a s u r e n ~ c n t  of I can be n1acle 
w i t h  s a t i s f a c t o r y  a c c u r a c y  a t  a g iven  f r equency ,  t hen  the  th ree  f luc tua t ions  
( f r equency ,  ampl i tude  and  ang le )  can  be  m e a s u r e d  at that  f rcqucncy with 
s i m i l a r   a c c u r a c y .  
In tegra ted  Elec t ron  Dens i ty  (I) M e a s u r e m e n t  
I t  i s  wel l -known tha t  the group de lay  of  a s i g n a l  o r  t i m e  a d v a n c e  o f  
a phase   f ron t   p ropaga t ing   t h rough  a p l a s n l a   i s   g i v e n   b y :  
. 
Td = 1. 3 5  X 10" I (set) 
f 2  
w h e r e  I = i n t e g r a t e d   e l e c t r o n   d e n s i t y  ( e l / m  ) and 
a s s u m e d  to b e  m u c h  h i g h e r  Lhan the  plasl1)a r e s o n a n c e .  To d c t r r m i n c  
I t h e r e f o r e  one need only know the g r o u p   d e l a y  of Lhe s igna l  wi th  respec l  
to a s igna l  wh ich  has  p ropaga ted  th rough  a vacuunl .  S ince  a vacuum 
2 
f = c a r r i e r  f r e q u e n c y  ( H e r t z ) ,  
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cannot  be a r r a n g e d  i n  the  coron;1, two signals a t  d i f f e r e n t  f r c q u e n c i e s  a r e  
r equ i r ed  and  the r e l a t i v c  g r o u p  d e l a y  is measured. The g roup  de lay  is  
u s u a l l y   l a r g e   w i t h   r e s p e c t   t o   t h e   c a r r i e r   p e r i o d ,   a n d  S O ~ I C  type  of modu-  
la t ion  is requi red  to  def ine  the g roup .  W e  w i l l  b r i e f l y  e x a m i n e  t h r e e  
poss ib i l i t i c s .  
Ranging  Code .  -The  u s e  of t w o   p u l s e d   c a r r i e r s   i s  a s i m p l e  m e t h o d  
by  whi& re l a t ive  g roup  t ime  de lay  cou ld  be  m e a s u r e d .  U n f o r t u n a t e l y  
p r a c t i c a l  p r o b l e m s  a r i s e .  T i m i n g  a c c u r a c y  of a pu l sed  s igna l  as  m e a s u r e d  
by  a n l a t c h e d   f i l t e r   r e c e i v e r  is  g iven  by:  
1 
A = T B ( E / N  ) - 2  
-
0 
v . ~ h  e re  A = rms  t i m i n g   e r r o r  
TB = p u l s e  r i s e  t i m e  
E / N o  = r a t i o  of r e c e i v e d  s i g n a l  e n e r g y  t o  n o i s e  e n e r g y .  
A s  s e e n  i n  Eq. 1 4  , the  rms t i m i n g  e r r o r  i m p r o v e s  a s  r i s e  t i m e  
TB i s  r e d u c e d ,  w h i c h  i n  t u r n  r e l i e v e s  the r e q u i r e m e n t  f o r  h i g h  E / N  
But  as T is  r e d u c e d  the t r a n s m i t t e r  p e a k  p o w e l -  m u s t  b e  j n c r e a s e d .  
P e a k   p o w e r ,   h o w e v e r   c a n n o t   n o r m a l l y   b e   i n c r e a s e d   a s   e a s i l y  a s  TB i s  
d e c r e a s e d ,  s o  t h i s  r e a s o n i n g  l e a d s  t o  a t r a n s m i t t e r   o p e r a t i n g   a t   i t s   p e a k  
power  capxc i ly  bu t  we l l  be low i t s  avc rage  power  capac i ty .  A ranging  
c o d e   e l i m i n a t e s   t h i s   p r o b l e m  by  m a k i n g   u s e   o f   t h e   t o t a l   t r a n s m i t t e r   a v e r -  
a g e  p o w e r  a s  TB is  r educed .  
0 
B 
T h e   e s s e n t i a l   p r o p e r t y  of a ranging   code  i s  that  i t  has  a n   a u t o   c o r -  
r e l a t ion  func t ion  wh ich  approx ima tes  a de l t a  func t ion .  Fo r  b ina ry  encoded  
d ig i t a l  s igna l s  a typ ica l  au tocor re l a t ion  Iunc t ion  i s  shown  in  F ig .  26 . 
F i g u r e  26 .  Autocor re l a t ion   Func t ion  of a B i n a r y  
Ranging  Code  
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In  F ig .  26 E is t h e  e n e r g y  i n  the ranging  code  and  1< is the  
n u m b e r  of b i n a r y   d i g i t s   ( b i t s ) .  
F i g u r e  27  s h o w s  a t y p i c a l   r e c e i v e r   u s e d   t o   d e t e r m i n e   g r o u p   t i m e  
de lay .  Phase sh i f t  keying  (Oo/18O0) j.s used to  modul .a te  the car r ie r  with 
t h e  r a n g i n g  c o d e  ( d e n o t e d  b y  f ( t ) ) .  'The  r e c e i v e d  s i g n a l  is cohe ren t ly  
d e m o d u l a t e d   b y   m e a n s   o f ' a   p h a s e   l o c k e d   l o o p   a n d   t h e n   t h e   a u t o c o r r e l a t i o n  
func t ion  shown in  F ig .  26 i s  o b t a i n e d .  T h e  n u m b e r  of c o r r e l a t o r s  r e q u i r e d  
is dependent  upon K ,  t h e  n u m b e r  of b i t s  i n  t h e  c o d e ,  a n d  the n u m b e r  of 
po in t s  r equ i r ed  to t r a c e   o u t   t h e   p a r t  of t he  au tocor re l a t ion  func t ion  where 
t h e  p e a k  i s  e x p e c t e d .  T h e  n u m b e r  of c o r r e l a t i o n s  m a y  be g r e a t e r  t h a n  
2K but  probably  less  than 2 0 K .  Once  the  au tocor re l a t ion  func t ions  a r e  
o b t a i n e d   f r o m   b o t h   c a r r i e r s   t h e   r e l a t i v e   t i m e   d e l a y  is obta ined  d i rec t ly .  
A n  obv ious  d i sadvan tage  of the  ranging  code  method i s   t h e   r e c e i v e r .  
A s  i l l u s t r a t ed  in  F ig .  27  i t  c o u l d  b e c o m e  v e r y  c o m p l e x .  T h i s  e l i m i n a t e s  
r a n g e   c o d e s  from t h e   p e r f c r r e d   u p l i n k   m o d e .  
l 
P h a s e  M o d u l a t i o n .  - T h e  P i o n e e r  V I  and V I 1  u sed  phase -modu la t ion  
t o  m e a s u r e  I. T w o  c a r r i e r s  ( 5 0  M H z / 4 2 5  M € l z )  w e r e  p h a s e  m o d u l a t e d  
a t  7 .  7 kHz or 8. 7 kI-Iz r a t e s ;  a s m a l l   ~ - r ~ o d u l a t i o n   i n d e x  (= 1 / 2 )  was u s e d .  
T h i s  s y s t c m  i s  c o n s i d e r a b l y  s i m p l e r  t h a n  t h e  r a n g i n g  c o d e  I n ~ c t h o t l ,  h o w -  
e v e r ,  i t  h a s  a m i n o r  d r a w b a c k  in tha t  I i s  l a r g e  c n o u g h  t o  c a u s e  r e l a t i v e  
t i m e  d e l a y s  g r e a t e r  t h a n  a n e  pe r iod  of the  modula t ion  f requency .  Ambi-  
gu i t i e s  r e su l t  wh ich  can  be r e so lved  by  f i r s t  n l easu r ing  the  phase  on  one  
modula t ion  f requency  and  then  swi tch ing  to  thc  o the r  modu la t ion  l r equency  
a n d  m e a s u r i n g  i t s  p h a s e  s h i r t .  I n  t h e  c a s e  of P i o n e e r  u p  t o  t e n  c y c l e s  of 
a m b i g u i t y   w e r e   r e s o l v e d   i n   t h i s   m a n n e r .  
___ 
The r e c e i v e r  c o n c e p t  f o r  t h e  p h a s e  m o d u l a t i o n  m e t h o d  u s e d  i n  t h e  
P i o n e e r  e x p e r i n l e n t  i s  s h o w n  i n  F i g .  2 8 .  It b a s i c a l l y  c o n s i s t s  of fou r  phase  
lock  loops. T h e  r e c e i v e r  o u t p u t s ,  w h i c h  w e r e  t e l c m e t e r e d  to E a r t h ,  a r e  
( 1 )  c h a n n e l  p h a s e  j i t t e r  a n d  ( 2 )  n ~ o d u l a t i o n  p h a s e  s h i i t  ( g r o u p  t i m e )  a t  e a c h  
o f  t he  two  ca r r i e r  f r equenc ie s .  
_ _ _ _ _ _ - _ _ ~  Ampl i tude  Modula t ion .  -We have  cons idered  and  re jec ted  the  use  of 
a m p l i t u d e  m o d u l a t i o n .  T h e  m a i n  r e a s o n s  f o r  r e j e c t i o n  a r c :  ( 1 )  p o s s i b l e  
t r a n s m i t t e r  l i n e a r i t y  p r o b l e m s ,  a n d  ( 2 )  i ne f f i c i en t  ave rage  power  u t i l i -  
za t ion  of t h e   t r a n s m i t t e r .  
B r i e f l y  t h e  a m p l i t u d e  m o d u l a t i o n  f e c e i v e r  f o r  m e a s u r i n g  g r o u p  t i m e  
de lay  and  channe l  phase  j i t t e r  wou ld  b e  v e r y  s i m i l a r  t o  t h e  r e c e i v e r  of 
Fig. 2 8 .  T h e  u s c  of phase  lock  loops  would  be  rcqui red  ior  coherent  
de~modu la t ion  in  o rde r  t o  ach ieve  max imum ou tpu t  s igna l - to -no i se  r a t io .  
P h a s e  L o c k  Loop - The Import-ant~_R_ec_e_iver  Component. -A phase  lock  
loop m u s t   b e   u s e d   i n   d e e p   s p a c e   e s p e r i u n e n t s   b e c a u s e   t h e  low s igna l - to -no i se  
r a t i o s   d e m a n d   c o h e r e n l   r e c e p t i o n  n s i t h  m a x i m u m   n o i s e   r e j e c t i o n   b y   u s i n g  
p r io r  knowledgc  abou t  t he  s igna l  (phase ) .  If s igna l - to -no i se  r a t io (S / IV)  i s  
i n a d e q u a l e   f o r   s a t i s f a c t o r y   p h a s e   l o c k  loop ope ra t ion  we can  con lude  t h a t  
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communica t ions  wi l l  no t  be s u c c e s s f u l  i n  t h e  o r d i n a r y  s e n s e ,  a l t h o u g h  
Golds te in  ( see  S p a c e c r a f t   P r o p a g a t i o n   E x p e r i m e n t s   s e c t i o n )   p u l l e d   s i g n a l s ,  
ou t  of n o i s e  b y  F o u r i e r  a n a l y s i s  of p r o l o n g x l  s a m p l e s .  T h e  n e x t  s e c t i o n s  
cons ide r   t he  S / N  within a bandwid th   necessa ry   fo r   t he   ope ra t ion  of t h e   p h a s e  
lock   loop .  
Downlink  Analysis  
I n   t h i s   s e c t i o n   w e   d e t e r m i n e   t h e   r e q u i r e m e n t   f o r   r e c e i v e d   S / N   w i t h i n  
t h e   p h a s e   l o c k   l o o p   b a n d w i d t h ,   a n d   f r o m   t h i s   w e   s e l e c t   t h e   m o s t   a t t r a c t i v e  
f r e q u e n c i e s  f o r  t h e  s o l a r  p r o b e  e x p e r i m e n t .  T h e  S / N  is based  upon ex is t ing  
an tenna  f ac i l i t i e s .  Nex t  a c o m p a r i s o n  of s i g n a l  e n e r g y  e f f i c i e n c y  i s  m a d e  
b e t w e e n   t h e   s e l e c t e d   s y s t e m   a n d   l h e   p r o p o s e d   S u n b l a z e r   s y s t e m .  
The  r ece ived  s igna l - to -no i se  r a t io  i s  g iven  by  the  r ange  equa t ion  
S / N  = Pt  Gt Ae 
4 n R  k T e B  2 
w h e r e  A = r ece iv ing   an tenna   e f f ec t ive  a rea  
e 
T e  = ef fec t ive  receiver n o i s e   t e m p e r a t u r e  
B = phase   lock   loop   bandwidth  
Pt = r a d i a t e d   p o w e r  
Gt  = t r ansmi t t i ng   an tenna   ga in  
R = c o m m u n i c a t i o n s   r a n g e  ( see  F ig .  29  f o r   v a l u e s   u s e d ) .  
k = Bol t zn lann ' s   cons t an t  
S ta r t ing  wi th  A each  of t h e  p a r a m e t e r s  i n  Eq. 15 is  def ined in  the 
fo l lowing  sec t ions .  e 
F a c i l i t i e s  - Rece iv ing  "A n t e n n a .   - D u r i n g   t h e   p r o g r a m  a r e v i e w  of 
all r a d i o  a s t r o n o m y  o b s e r v a t o r i e s  w a s  m a d e .  T a b l e  V shows  a p a r t i a l  
l i s t  of t h e  o b s e r v a t o r i e s  r e v i e w e d  a n d  c o n t a i n s  t h e  m o r e  i m p o r t a n t  o n e s .  
Note that  all a n t e n n a s  l i s t e d  a r e  s t e e r a b l e  o v e r  a h e m i s p h e r e .  T h e  v e r y  
l a r g e  n o n - s t e e r a b l e  a n t k n n a s  s u c h  a s  the  1000 f t .  d iameter  an tenna  a t  
A r e c i b o , P u e r t o   R i c o   a r e   e l i m i n a t e d   f r o m   c o n s i d e r a t i o n   b e c a u s e  of l imi t ed  
d a i l y  t r a c k i n g  t i m e .  A s  d i scussed  in  ou r  r ev iew o f  cu r ren t  knowledge ,  
s o l a r   e v e n t s   o c c u r   f a s t   e n o u g h   t o   d e m a n d  a maximum a tmount  of t r a c k i n g ,  
cont inuous  i f  p o s s i b l e .  
O u r   r e v i e w   s h o w s   t h a t   m a n y   o b s e r v a t o r i e s   h a v e  8 5 '  d i a r n e t e r   p a r a b o l i c  
r e f l e c t o r  a n t e n n a s .  T h i s  a n t e n n a  seems  to be the "work ho r se"  in  the  
f i e lds  of space  communica t ions  and  obse rva t ion .  I t s  f r equenc -y  r ange  
ex tends  eas i ly  to  X-band wi th  an  e f f ic iency  of 60:; be ing  ma in ta ined  ( excep t  
i n  t h e  w o r s t  w e a t h e r ) .  D e s i g n i n g  an e x p e r i m e n t  a r o u n d  t h i s  a n t e n n a  w i l l  
g r e a t l y   r e d u c e   p r o b l e m s  of si te se l ec t ion   and   s chedu l ing .  
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Fol lowing   t he   85 '   d i ame te r   an t enna   we   f i nd  a n u m b e r  of s t e e r a b l e  
a n t e n n a s  r a n g i n g  f r o m  1 2 0 '  to 150' i n  d i s m e t e r .  T h e s e  w e r e  i n d i v i d u a l l y  
d e s i p , n e d  s i n c e  t h e i r  u s e f u l  f ~ - e q u e n c y  r a n g e  v a r i e s .  F o r  e x a m p l e  t h e  
i r e q u c n c y   r a n g c  of t he  120 '  d i ame te r  an tenna  used  by  L inco ln  Labora to ry  
a t   H a y s t a c k   H i l l   e x t e n d s  to X-band whi le  the  S tanford  150 '  d iameter  an tenna  
ex tends  to  abou t  S -band .  Fo r  pu rposes  of ana1ysj.s  150'  diameter is 
s e l e c t e d  a s  a cand ida te   an t enna .  
T h e   l a r g e s t   a n t e n n a   w h i c h  i s  c o n s i d e r e d   u s e f u l   f o r   t h e   e x p e r i m e n t  i s  
the  210 '  d iameter  an tenna  a t  Gold ' s tone ,  Cal i forn ia .  This  an tenna  is 
u s a b l e  to X-band and  is s t e e r a b l e  o v e r  a h e m i s p h e r e .  A t  p r e s e n t  t h e  
210 '  Golds tone  an tenna  i s  the  only  one  of i t s  k ind  and  is t igh t ly  scheduled  
f o r   d a t a   r e t r i e v a l  of p ~ r e s e n t l y   o r b i t i n g   P i o n e e r   a n d   M a r j . n e r   S p a c e c r a f t .  
Whi l e  the  210 '  wou ld  be  idea l ,  s chedu l ing  p rob lems  a re  ce r t a in  to  com- 
' p l i c a t e  t h e  s o l a r  p r o b e  e x p e r i m e n t .  
W h i l e   t h e r e   a r e   m a n y   r a d i o   a s t r o n o m y   o b s e r v a L o r i e s   i n   o p c r a t i o n  
we f ind  tha t  the  an tenna  s izes  a r e  l i m i t e d .  8 5 ' ,  1 5 0 '  a n d  2 1 0 '  d i a m e t e r  
p a r a b o l i c   r e f l e c t o r s   s t e e r a b l e   o v e r  a h e m i s p h e r e  a r e  t h e  p r i m e  c a n c l i d a t e s .  
T h e r e   a r e  a f e w  s t e e r a b l e  a n t e n n a s  l a r g e r  t h a n  2 1 b '  d i a m e t e r  s u c h  a s  the  
6 0 0  f t .  d i a m e t e r  N a v a l  R a d i o  R e s e a r c h  S t a t i o n  a n t e n n a  a n d  a n  8 0 0  f t .  
d i a m e t e r  a n t e n n a  o p e r a t e d  b y  S t a n f o r d  U n i v e r s i t y .  T h e s e  v e r y  l a r g e  
a n t e n n a s   a r e  n o t  in tended   to   be   used   beyond  VHF  and   schedul ing   wi l l   be  
a p rob lem s ince  they  a r e  in t ended  fo r  spec ia l  pu rposes .  We t h e r e f o r e  
conf ine  the  propagat ion  l ink  ana lys i s  to  the  85 ' ,  150 '  and  210 '  an tennas .  
Of the  th ree  the  85 '  an t enna  is t h e   p r i m e   c a n d i d a t e   b e c a u s e  of t h e   l a r g e  
n u m b e r   i n   o p e r a t i o n .  
N o i s e  T e m p e r a t u r e .  - T h e r e  a r e  t h r e e  s o u r c e s  of n o i s e ,  s o l a r ,  
g a l a c t i c  a n d  r e c e i v e r  n o i s e .  T h e  n o i s e  c o n d i t i o n s  a r e  d i f f e r e n t  f o r  d o w n -  
l i n k  a s  c o m p a r e d  t o  u p l i n k .  A s  shown in  F ig .  30  f o r  a downlink the noise  
t e m p e r a t u r e  is a func t ion  of the   p ropagat ion   pa th   pos i t ion   wi th   respec t  
to the Sun. A s  t h e  p r o p a g a t i o n  p a t h  a p p r o a c h e s  t h e  S u n ,  t h e  n o i s e  t e m p e r a -  
t u r e  a t  t h e  r e c e i v e r  w i l l  i n c r e a s e  b e c a u s e  t h e  r e c e i v i n g  a n t e n n a  " s e e s "  
the  Sun f i r s t  th rough i t s  s ide lobes  and  then  in  i t s  main  beam.  
In   t he   up l ink   t he   no i se   t empera tu re  i s  independent  of s p a c e c r a f t   p o s i -  
t i o n .  T h e  s p a c e c r a f t  w i l l  h a v e  a broad  beam antenna  which  wi l l  a lways  see 
t h e  S u n .  N o i s e  t e m p e r a t u r e  t h e r e f o r e ,  w i l l  b e  c o n s t a n t  w i t h  r e s p e c t  t o  
s p a c e c r a f t   p o s i t i o n .  
S o l a r  N o i s e .  - F i g u r e  3 1  s h o w s  t h e  s p e c t r a l  d e n s i t y  of s o l a r  r a d i o  
n o i s e   f l u x   o n   E a r t h   v e r s u s   f r e q u e n c y  ( R e i .  3 6 ) .  Fo r  a q u i e t S u n  t h e  f luxdens i ty  
i n c r e a s e s   r a p i d l y   w i t h   f r e q u e n c y   w h e r e a s   t h e  f l u x  dens i ty  of a d i s tu rbed  
Sun (max. ) is  wi th in  one  o rde r  of magn i tude  ove r  the 30  to  10 ,000  MHz 
f r equency  r ange  shown .  No te  also 3 to  4 o r d e r s  of magni tude  be tween 
qu ie t   and   d i s tu rbed   Sun   a t   t he   l ower   f r equenc ie s .  
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I n  d e t e r l n i n i n g   s o l a r   t e m p e r a t u r e  we h a v e   e l e c t e d  to u se  a n  inter- 
mediate va3.ue of f lux dens i ty  as shown j.n d a s h e d  l i n e s  in E'ig.31 . ?'he 
s o l a r   t e m p e r a t u r e   f o r   a n   a n t e n n a  which does not  resol.ve the Sun is 
sj.rrlply determined a s  I ' u l l r>~vs :  
w h e r e  T = solar noise  ant.enna t e n l p e r a t u r e  k 
k = B n l t z m a n n ' s   c o n s t a n t  (1.38 X J / O K )  
P,, = s o l a r  f l u x  d e n s i t y  n n  E a r t h  ( F i g . 3 1  
A ( e ,  @ )  = e f fec t ive  a r e a  nf t h e   r e c e i v i n g   a n t e n n a  
e 
Effec t ive  a rea  and  an tenna  gall1 a r c   r e l a t e d   b y :  
2 
A , ( @ ,  e )  = E r, C ( 0 ,  $ 1  
where 1 = wavelength 
G ( e ,  $ )  = antenna  gain 
Subs t i t u t ing  Eq .  (17) into E y .  (16)  yields  
o r  
w h e r e  A = e f f e c t i v e   a r e a   a t  = @ = 0 0 e o  
Go = an tenna   ga in   a t  e = @ = 0 0 
T h e   e f f e c t i v e   a r e a  is r e l a t e d  Lo t h e   p h y s i c a l   a r e a  of the  an tenna  through 
the  eff ic iency q. Equat ion  (19) t h e r e f o r e   b e c o m e s  
w h e r e  A = p h y s i c a l   a r e a  of the   an tenna  P 
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upper  one  a p r a c t i c a l   a p e r t u r e  1.n w h i c h  a u x i l i a r y  s t r u c t u r e s  s1.1~11 a s  
q u a d r i p o d s  c r e a t e  extra s i d e  l o l ~ c  s t r u c t u r e .  The p r a c t i c a l  c u r v e  is a 
s m o o t h e d   v e r s i o n  of t h e   ~ n e a s u r e d   p a t t e r n  of the 210 '   in   two  different  
€,la n es . 
If t h e   s o j a r  fiux- dens i ty  is i n t e r p r e t e d  in t e r m s  of an equiva len t  
b l a c k - b o d y  t e m p e r a t n r e ,  T, a s  in Fig.  31,  the antenna ternpe~-a ' iurr-  
TA c a n   b e   e x p r e s s e d  as fol!ows. If the antenna d0e.s 1101 r e s o l v e  i:~r 
sun, its I,eaniwidth 0 is 1a.rger than  the .angle: 0 subtended b y  the 
sun  and w c  h a v e  A 
Lf t he  an tenna  is  capable  of r e so lv ing  the S u n ,   t h e   a n t e n n a   t e m p e r a t u r e  is  
F igu res  33 ,  34  and  35  show t h e  s o l a r  n o i s e  t e ~ m p e r a t u r e  v e r s u s  
f r e q u e n c y  f o r  the 8 5 ' ,  1 5 0 ' ,  a n d  2 1 0 '  a n t e n n a s .  E a c h  f i g u r e  h a s  a f a -  
m i l y  of cu rves  showing  the  e f i ec t  01 p a t h  o f f s e t  ( m e a s u r e d  in s o l a r  r a d i i )  
011 s o l a r  noise t e n l p c r a t u r c .  F i g u r e  36 sur l - lmarizes  Fig.  33 Ihrough 35 
fo r  t he  f r equcnc ie s  of p r i m a r y  i n t e r e s t .  
F igu res  33  th rough  35  show c l e a r l y  how s o l a r   n o i s e   d e c r e a s e s  a s  
f r c q u e n c y  i n c r e a s e s  f o r  a f ixed  an tcnna  d i ame te r .  For a g i v c n  antenna 
and a f i x e d   o f f s e t   a n g l e   a s   f r e q u e n c y   i n c r e a s e s   f r o m   3 0  MHz solar  no, ise  
t e m p e r a t u r e  i n i t i a l l y  i n c r e a s e s .  T h i s  is because  the  so l a r  f l ux  dens i ty  
i n c r e a s e s  w i t h  i r e q u e n c y .  A s  f r equency  inc rcases ,  however ,  t he  an tenna  
b e a m w i d t h  d e c r e a s e s ,  h e n c e  the s h a r p  r o l l  off o i  s o l a r   t e m p e r a t u ~ - e . a s  
this p a r a m e t e r  t a k e s  e f f e c t .  F i g u r e s  3 3  t h r o u g h  3 5  s h o w  c l e a r l y  the 
pena l ty   i ncu r red   a t   l ow  f r ec~uenc ie s   w i th   ex i s t ing  a n t e n n a s .  
Also shown 011 F i g .  3 5  a r e  t h e  s o l a r  n o i s e  t e m p e r a t u r e s  o€ the E l  
C a m p o  s y s t e m .  F o r  a s i m p l e  r o u g h  e s t i m a t e ,  w e  t r e a t e d  the s q u a r e  
El C a m p o  a r r a y  a s  i f  i t  were  a c i r c u l a r  a p e r t u r e  of thc s a m e  a r e a .  T h e  
s i t u a t i o n  i s  s u m m a r i z e d  in F i g .  36 €o r  5 - b a n d  a n d  E l  C a m p o  a n t e n n a s  a s  
a €unction of path offset .  
Ga lac t i c  No i se .  - Galac t i c  no i se  i s  d e f i n e d  a s  c o s m i c  n o i s e  f r o m  
all s o u r c e s  i n  ou r  ga l a sy  excep t  t he  Sun .  Our  so l . a r  sys t em be longs  to  
a galaxy which has a pancake  sp i r a l  shape .  A rece iv ing  an tenna  poin ted  
t o w a r d   t h e   g a l a c t i c   c e n t e r   w i l l   r e c o r d  a v e r y   h i g h   n o i s e   t e m p e r a t u r e  
whereas  the  samc  an tenna  po in ted  i n  the  d i rec t ion  of the  ga lac t ic  po le  
w i l l   s e e   f e w e r   s o u r c e s   a n d   r e c o r d  a ~ n u c h  I .ower noise  te lnperature .  
F i g u r e  37 s h o w s   g a l a c t i c   n o i s e   t e m p e r a t u r e  a s  a €unction of f r e -  
q u e n c y .  F o r  t h e  p u r p o s e  of this a n a l y s i s  we have  se l ec t ed  a ga lac t i c  
no i se  t empera tu re  ly ing  be tween  the  ga l ac t i c  cen te r  and  po le  noise 
t c m p e r a t u r  e. 
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R e c e i v e r  No&. - The downlink r e c e i v e r  i s  n o t  w e i g h t  or volume 
cons t r a ined  a s  is a.n ~ l p l i n l c  r e c e i v e r .  A l s o  in o r d e r  to  i n s u r e  m a x i m u m  
S / N  a low noise r e c e i v e r   s u c h  as  a m a s e r   o r   c o o l e d   p a r a m e t . r i c   a m p l i -  
f ier  wi l l  l ~ c  used .  We have a s s u m e d  a r e c e i v e r  noisc  t e rnpe ra t . u re  of l O O O K  
a c r o s s  the f requency  band of i n t e r e s t  (30 MHz to  10, 000 MHz). F i g u r e  38 
j u s t i f i e s  t h i s  noise  t .enlperal :ure  w h i c h  in t h e  c a s e  oi t h e  r rmse r  is cunscr -  
vative as  25  to  500K has been at ta ined in  the hTASA d e e p   s p a c e  net. 
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S p c e c r a f t  - Radia ted  P o w e r .  -Average: p o w e r   r a d i a t e d   b y  the space" 
c r a f t  I s  l i ~ n j t e d  by thc p r i m a r y  s o u r c c  o f  power .  On long-dura t ion  f l igh ts  
such as  t h e  s o l . a r  p r o b e  m i s s i o n ,  s i l i c o n  s o l a r  c e l l s  u n d o u b t l y  rnnst  be 
used .  In t h e  p a s t  the c e l l s  l l a v e  Leer1 r r l c i u r l l c - G  U I I  iiai p211els or around 
the  13ody of the spacecraf t .  In  c i the l -  conf igura t j .on  an  e lec t r ica l  power 
rn tpu t :  of 8 to 10 w r / f t 2  of  panel a r c a  c a n  h e  o b t a i n e d  when:  ( I )  vertica.1 
inc idence  to s o l a r  r a d i a t i o n  is rnainlaincd and (2 )  the s p a c e c r a f t  is about  
1 a . u .  f r o m  the S u n  01- cl .oser .  
The ef f ic iency  vi Lhe t r a n s m i t t e r   v a r i e s  with f r equency   and  the 
magni tude  of r a d i z t c d  p=-z.,cr. ' F u r  exa>mp!c the effi.ciency of a s o l i d   s t a t e  
t rans~miI . te r  be low about  300 L4IIz is allout 50qb ~ O J .  a p , o w c Y  output 5 \57;~tts.  
This  will fall uff a t  h i g h e r  f r equency .  An S-band cfficiency of about 20% 
can bc  cxpcc ted  u s i n g  tube  pc~wcr  amplifiers. (These  e f f ic ienc ies  do not 
inc lude  power  condi t ion ing  equipment .  ) 
A s s u n l i n g  t r a n s m i t t e r  e f f i c i e n c y  of 20% and 8 - 10 w / f t  p o w e r  Output 
f r o m   t h e   s i l i c o n   s o l a r   p a n e l s  w c  find that a r e a s o n a b l e  a v e r a g e  r a d i a t e d  
power  is 5 wa t t s .  A l so  improvenzen t s  i n  the  s t a t e -o f - the -a r t  w i l l  i nc rease  
the  e i f ic icncy  of f u t u r e  s y s t e m s .  W e  u s e  5 w a t t s  r a d i a t e d  power  i n  o u r  
downl ink  range  cquat ion .  
2 
Spacec ra f t  An tenna  Ga in .  -A t  f r equenc ic s  be low abou t  1 GHz a p e r t u r e  
type  an tennas  a re  no t  IT rac t i ca l .  A t  t hese  f r equenc ie s  some type o f  s t u b  
o r  w h i p  a n t e n n a  w i l l  be u s e d .  The  ga in  of a s t u b  an tenna  is 1. 5 ,  which 
w e  have a s s u m e d  i r o n ?  30  h4Hz to 100 M I I z .  At  f rcqucncies  above  1000 
AdHz we a s s u m e  a cons tan t  ga in  of 20 clb. An tenna  a t t i t ude  con t ro l  i s  no t  
' r e q u i r e d  w i t h  a 20 d b  an tenna  fo r  pa th  o f f se t s  l e s s  t h a n  38 s o l r a d  (loo), 
s ince  the  wid th  of a 20  t l b  b c a m  i s  ZOO. We would  pc r fc r  a 10 t l b  an t enna  
f o r  a 630 b c a m ,  b u t  a 10 dl] an tenna  g ives  a cornplete1.y inadequate S/N. 
If ac t ive  an tenna  po in t ing  w e r e  111-ovided, t he  spacec ra f t  an t enna  ga in  
c o u l d  h e  i n c r e a s e d  s i g n i f i c a n t l y .  T h e  a p e r t u r e  d i a m e t e r  of a 20 db gain 
an tenna  i s  abou t  fou r  wave leng ths .  Th i s  is not v e r y  l a r g e ,  e s p e c i a l l y  
a t  t h e  h i g h e r  m i c r o w a v e  f r e q u e n c i e s ;  for X-band i t  could even be i n c r e a s e d  
fu r the r   w i thou t   becoming   unwic ldy .  
Downl jn lc  S igna l - to-Noise  Rat io .  -Al l  parameters  in  the r a n g e  
equa t ion  have  been  de tc r ln ined  in  the  p receed ing  subsec t ions .  F igu res  3 9  
and 40 show the r e s u l t s  f o r  t h e  8 5 ' a n d  2 1 0 '  a n t e n n a s .  F r o m  t h c s e  
g r a p h s  two facts a re  imtnccl ja te ly  evident :  (1 )  m i c r o w a v e  f r e q u e n c i e s  a r e  
n e c e s s a r y  f o r  the  downl in lc  esper iment  wi th  es i s t ing  an tennas  and ( 2 )  
a s y s t e m   c o n t i n u o u s l y   r a d i a t i n g   a t  a 5 w a t t   p o w e r   l e v e l  d o e s  no t  p rov ide  
m u c h  S / N  m a r g i n ,  e s p e c i a l l y  f o r  the 8 5 '  a n t e n n a ,  t he  o n e  m o r e  l i k c l y  
ava i l ab le .  The  5 w a t t s  h e r e   a r e  assunled to be c o n t i n u o u s  f o r  m a i n -  
t e n a n c e  of phase lock;  tha t  i s ,  t h e  p e a k  p o w e r  i s  c q u a l  to the a v e r a g e  p o w e r .  
The r e c e i v e r  bandwiclth is  takcn  a s  thc  channel  j i t l e r  band\v id th  caused  
by  the so la r  co rona .  Th i s  canno t  be reduced  subs tan t ia l ly  wi thout  thc  phase  
lock  loop  occas iona l ly  lo s ing  lock  and  jumping  cyc lc s .  'I'he S / N  shown  in  
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Fig .  39  and  40 a r e  t h e r e f o r e   t h e   h i g h e s t   a t t a i n a b l e   w i t h   t h e   a s s u m e d  
p a r a m e t e r s .  
The channe l   phase - j i t t e r   bandwid th   was   d i scussed   i n   t he   Rad io  
Measuremen t s  s ec t ion  and  p lo t t ed  in  F ig .  2 2  . To obta in  F i g s .  3 9  a n d  40 
w e   u s e d   a n   a v e r a g e  of t he   P ionee r  VI  a n d   M a r i n e r  I V  obse rved   bandwid ths ,  
excep t   s ca l ed  as  f -  lo t ake   i r equency   dependence   i n to   accoun t .   The  
bandwidth  decreases  wi th  pa th  of fse t  a s  t h e  c o r o n a  b e c o m e s  r a r i f i e d  a n d  
more  homogeneous .  Our  ca l cu la t ions  t ake  the  channe l  bandwid th  
1 
B = M a x  of { pHa;,e j i t t e r  B ,  
s i n c e  o t h e r  l i m i t a t i o n s  s u c h  a s  o s c i l l a t o r  s t a b i l i t y  b e g i n - t o  a p p e a r  a t  v e r y  
na r row  bandwid ths .  
The S / N  of F i g .  39  and  4 0  a r e  m a r g i n a l  a s  given for  a CW s y s t e m .  
F igu re  41  shows  the  a l t e rna t ives  fo r  s a lvag ing  downl ink  p ropaga t ion .  If 
the  t ransmi t ted  peak  power  can  be  increased  wi thout  incrc :as ing  s igna l  
bandwidth ,  a S / N  inc rease  cou ld  be  ob ta ined .  The  spacec ra f t  however  
h a s  a f i x e d   a v e r a g c  power  w h i c h   m e a n s   t h a t   p e a k   p o w e r   c a n   b e   i n c r e a s c d  
only  a t  the  expense  of duty cycle .  I t  i s  pe r fec t ly  f eas ib l e  to  employ  a 
p u l s e d  s i g n a l  ( n ~ o d u l a t i o n  is  s t i l l  r equ i r ed  wi th in  the  pu l se )  however  i t  
changes  the  r ece iv ing  t e rmina l  cons ide rab ly  and  r educes  the  da t a  r a t e .  
A c o h e r e n t  r e c e i v e r  i s  s t i l l  r e q u i r e d ,  b u t  ~ 7 i t h  a pu l sed  s igna l  a p h a s e -  
lock- loop  cannot  main ta in  lock  be tween pulses .  Rece ived  raw da ta  at  I F  
f r e q u e n c i e s  (x 5 MHz)  m u s t  t h e r e f o r e  b e  s t o r e d  o n  m a g n e t i c  t a p e  a n d  a 
c o m p u t e r  u s e d  t o  r e d u c e  t h e  d a t a  o r  s i m u l a t e  t h e  c o h e r e n t  r e c e i v e r .  T h e  
c o m p u t e r   i n   e f f e c t   s e a r c h e s   f o r   p h a s e   l o c k  on e a c h   r e c e i v e d   p u l s e   b y  
p lay i .ng  the  tape  many t imes  and  searching  for  a locked  condi t ion  by  vary ing  
f r equency  and  phase .  The  da ta  s to rage  r equ i r e tnen t  a l so  has  p rac t i ca l  
i m p l i c a t i o n s .  P r e s e n t  s t a t e  of t h e  a r t  t a p e  r e c o r d e r s  h a v e  a n  u p p e r  d a t a  
s t o r a g e  r a t e  l i m i t  of 10 MHz. T h i s  m e a n s  t h a t  t h e  t r a n s n > i s s i o n  s i g n a l  
bandwid th  i s  l imi t ed  by  the  r ece iv ing  t e rmina l  s to rage  capab i l i t y ,  wh ich  
r e d u c e s   ~ n e a s u r e m e n t   a c c u r a c y   b e l o w   t h e   m a x i m u n ~   t h e o r e t i c a l   v a l u e .  
New tcchniqucs of o p t i c a l  d a t a  s t o r a g e  a n d  p r o c e s s i n g  m a y  r e l i e v e  t h i s  
l imi t a t ion  in the next  10 y e a r s .  
If a downlinlc experiment i s  s e l e c t e d ,  w e  recon->mend a l o w e r  ca r r i e r  
f r equency  of 2.  3 CHz and an u p p e r   c a r r i e r ,   f r e q u e n c y   a t   X - b a n d  (10 GI-Iz) 
i n  the p u l s e d  a l t e r n a t i v e ,  2 2 9 5  MHz i s  a downl ink  f requency  for  the  NASA 
D e e p  Space  Ne t ,  and  much  equ ipmen t  i s  a l r eady  in  ope ra t ion .  A l so  in  the  
n e a r  f u t u r e  ( 1 9 7 5 )  a t e l e m e t r y  l i n k  a t  X - b a n d  w i l l  be i n  ope ra t ion .  A 
downl ink  expe r imen t  a t  S /X-band  wou ld ,  t he re fo re ,  be  us ing  ope ra t iona l  
f r equenc ie s  and  equ ipmen t ,  wh ich  r ep resen t s  a cons ide rah le  cos t  s av ing .  
T h e   l o w c r  of t he  two  f r equenc ie s  shou ld  be  inc reascd  to  abou t  6 CHz in a 
C W  p h a s e - l o c k e d  s y s t e m .  
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Not  enough S / N  m a r g i n  with 
S and X - b a ~ ~ d  CW s igna l s  arld . 
con t inuous  ca r r i e l .  to m a i n t a i n  I 
p h a s e  lock. 
S a c r i f i c e  conv 2ntional S-band 
and  u s e  s p e c i a l  f requencies  in 
the 6 - 1 0  CHz  r a n g e  to main-  
ta in  S/N B 10 at  6 s o l r a d .  
Abandon d o w n l i n k  in f avor  of 
upl ink 
lock  on  each  pulse .  B u s l ~ e l s  of 
m a g n e t i c  tape a c c u n ~ u l a t c .  
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Downl ink   Energy   Ef f ic iency  
Theorc t i ca l  L in l i t .  -The preceding  sec t ion  showed I l la t  S-hand fie- 
q u e n c i e s   a n d   h i g h e r   a r e   a p p r o p r i a t e  f o r  a dowlllilllc experi111ellt wit11 ex i s t ing  
a n t e n n a s .  It i s  s t i l l  n e c e s s a r y  t o  d e t e r m i n e  how a c c u r a t e l y  s o l a r  c o r o n a  
m e a s u r c m e n t s   c a n   b e   m a d e   a t  S/x' b a n d   a n d   c o m p a r e   t h i s   a c c u r a c y  w i t h  the 
p r o p o s e d  S u n b l a z e r  system. 
In  compar ing  downl ink  sys tcuns  we c o n s i d e r   n o t   o n l y  the  a c c u r a c y  
of the Lnleasurement  but  a lso the  t r a n s m i t t e d   e n e r g y   r e q u i r e d   t o   m a k e   t h a t  
measurement. T h e  c o m p a r i s o n  is m a d e  for  t h r e e  s y s t e m s :  (1)  S / X - b a n d  
u s i n g  the 8 5 '  a n t e n n a ,  (2) S/X-band  u s i n g  t h e  2 1 0 '  an tenna  and  ( 3 )  70/80 
MHz for t h e  p r o p o s e d  S u n b l a z e r  s y s t e m .  T h e  i n t e g r a t e d  e l e c t r o n  d e n s i t y  
(I) is t h e  p a r a m e t e r  u s e d  i n  t h e  c o m p a r i s o n .  
A s s u m i n g   t h a t  a r ang ing   code  i s  u s e d   i n  all of the downlink cases  
the  1-111s t i m i n g  e r r o r  b c t w e e n  a u t o c o r r e l a t i o n  p e a k s  i s  given by:  
w11 e r e  = rms t i m i n g  e r r v r  
E / N ~  = r e c e i v e d   s i g n a l  to n o i s e  e n e r g y  r a t i o  
TB = pulse  wid th  
The re l a t ive  g roup  t ime  de lay  be tween  i r equenc ie s  f l  ( l o w e r  c a r r i e r  
f r equency)   and  f ( u p p e r  c a r r i e r  f r e q u e n c y )  i s  h 
The m e a s u r e m e n t   e r r o r  t h e r e f o r e  i s  g i v e n  a s  
I 
TB f l  
2 
-. 
r '  
E/No is obtained f r o m  the  range  equat ion  
E N o  = 
Et  Gt  A e  
4 n R  l c T e  
2 
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Equat ion ( 2 5 )  can  h e  f u r t h e r  r e d u c e d  b y  e l i n ~ i n a t i n g  t h e  pulse  wid th  
TB. S i n c e  a c c u r a c y  i l n p s o v c s  a t  TU t l e c r c a s e s  we wish to use the m i n i -  
m u m  p b s s i b l c  TP.  As ide  i ron7  p rac t i ca l  cons idc ra l ions  thc  channe l  i t s e l f  
w i l l  l i m i t  m i n i m u m  TB, sincc i t  i s  d i s p e r s i v e .  The p u l s e  r i s c  t i m e  as 
a funct ion of pa th  of fse t  i s  d e r i v e d  i n  Appendix 1. The t r a n s n ~ i t t c c l  pulse  
width m u s t  b e  l a r g c r   t h a n  thc c h a n n e l  I i m i t c d  p u l s e  r i s e  t i lnct ,  and we have 
se t  the mi .n i t~~um pu l se  \v id lh  cqua l  to  twice t h c  r i s e  t i m e .  P u l s e  wid111 
is  g iven  as :  
TB i s  shown  in  F ig .  4 2 .  Subs t i t u t ing  Eq. (26)  into Eq. (25) y ie lds  the  
t h e o l - c t i c a l l y  b e s t  m e a s u r e m e n t  a c c u r a c y  of 1. 
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Equat ion ( 2 7  g i v e s  t h e  p r o d u c t  oi m e a n  s q u a r e  e r r o r  i n  the I m e a s u r e -  
ment t i m e s   t h e   t r a n s m i t t e d   e n e r g y   r e q u i r e d  to malcc this m e a s u r e m e n t .  
7 
I t  is apparent that the system with I n i n i m u m  -- < A  LI> ET is most efficient. 
I2 2 < A  I> T a b l e  VI s h o w s  t h e  parameters r equ i r ed  to  d r+ te r ln ine  ~ ET. 
I2 
-1 
Te 
f l  
fh 
I 
A e 
" "" __ 
" " " 
Sunblaz.er  
(El Campo 
a r r a y )  
__ " .- "" " - 
See  F ig .  33 ,  35 ,  
See F i g .  26 ( A p p .  
7 0  MHz 
8 0  MHz 
1 .  5 
1. 5 x  10 n? 
2) 
5 2  
85 '  Antenna 
1 3 7  
2295 MHz 
1 0 , 0 0 0  h411z 
100 
320 m 2 
2 10 ' Antenna  
. - 
2295 MHz 
1 0 , 0 0 0  MHz 
100 
1930 n7 2 
T a b l e  VI P a r a m c t c r  f o r  T h e o l - e t i c a l  S y s t e m s  
C o m p a r j s o n  
F i g u r e  4 3  i s  a plot  of Eq. ( 2 7 )  V ~ I - S U S  pa th  o f f se t ,  c~s ing  Tab lc  V I .  I t  
shows t h a t  t h e o r c t i c a l l y  the 8 5 '  a n d  2 1 0 '  a n t e n n a  s y s t c m s  a r c  s u p c r i o r  to  
t he  Sunb laze r  system, nshich i s  l i m i t c d  by s o l a r  noise Lo o p e r a t e  n o  c l o s e r  
than 5 s o l a r  r a d i i ,  the r eg ion  of m a j o r  i n t e r e s t  in ~ h c  s tudy of the p h y s i c s  
of t h e  s o l a r  c o r o n a .  On t h c  o t h c r  h a n d ,  t h e  S / X - b a n d  s y s t e m s  u s i n g  the 
8 5 '  and 210 '  antcnnas funct ion to withi11 3 s o l a r  r a d i i .  
Note  tha t  F ig .  43  i s  ob ta ined  on a no i se  bas i s  on lv  and  does not 
a c c o u n t  f o r  a m p l i t u d e  s c i n t i l l a t i o n  o r  "deep"  f ades  wh ich  may  occur  
a s  t h e  p r o p a g a t i o n  p a t h  n e a r s  Lhe Sun.  Of c o u r s e ,  f a d i n g  n c a r  t h e  S u n  
i s   n no re s e v e r e   a t   t h e  10we1- f r e q u c n c i e s  b e c a u s e  of t h c  g r c a t e r  s i n n a l  
i n t e rac t ion  wi th  thc plasma.  Facl ing i s  thus  another  fac tor  tha t  \ \ ' e ighs  
in   f avor  of h i g h   ~ m i c ~ - o w a v e   f r e q u e n c i e s .  
P r a c t i c a l  E f f i c i e n c y  C o m p a r i s o n .  - F i g u r e  4 3  is an  energy  ef f ic iency  
c o m p a r i s o n  u s i n g  Lhe m i n i n ~ u m   p o s s i b l c  pu l sc  widLh (maximum bandlv id th)  
a t  all so l a r  r ad i i  wh ich  the  channc l  can s u p p o r t .  I17 Lhis sec t ion  a c o m -  
pa r i son  i s  rnade  on  the  bas i s  of c o n s t a n l  p u l s e  wiclLh and  t ape  r cco rd ing  
l i m i t a t i o n s .  
"" - .. " 
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Again  the. t h r e e  syst:ems a r e  co rnpa red :  (1)  8 5 '  a n t e n n a  a t  S /X"band ,  
( 2 )  2 1 0 '  an tenna  a t  S /X"l>and and ( 3 )  t h e  p ~ - o p o s c d  S u r ~ b l a x e ~  system a[. 
7 Q / 8 0  MHz. F o r  the S / X  systen-, 1 / 2  IJ s p u l s e  is assumed, a va lue  much  
g r c a t e r   t h a n   t h e  charlr~el 1.irr-1ilt.d pulse width ,  but con?pa.t:ible with t.he 
art  of  magnetic r e c o r d i n g .  T h e  p r o p o s e d  S u n b l a z e r  system e m p l o y s  a 
2 5  us PUIS: width.  
Using t h e s e  pu l se  wid ths  j n  E q .  (26) a l o n g  w i t h  t h c  p r a m e t e r s  i n  
T a b l e  I1 y ie lds  F ig .  44 . A s  j n  F i g .  43, Fig .  4.4 S ~ O W S  Sunb lazc r  "CUI 
off" b e c a u s e  of h i g h   s o l a r  n o i s e  when  the   p ropagat ion   pa th  i.s within 5 
s o l r a d  of t h e  Sun, a r eg ion  tha t  is p r o b a b l y  i n a c c e s s i b l e  fo r  o the r  I-easovs. 
S u n b l a z e r ,  h o w e v e r ,  is s u p e r i o r  ( i n  the I i~n iked  viewpoint o f  t h i s  s e c t i o n )  
to  the  S / X - b a n d   s y s t e m  when t h e   p r o p a g a . t i o n   p a t h s   a r c  gl ,~;r; .er  than 5 
and  8 s o l a r   r a d i i   f r o m   t h c   S u n ,  ii 8 5 '  and  2 3 0 '  d i s h e s  a r e  u s e d  Tcsperlively.  
I n  t h e  p r a c t i c a l  c a s e  t h e r e f o r e ,  t h e  L r a d e o f f  b e t w e e n  S / X " b a n c l  s y s t e m s  
a n d   t h e   S u n l ~ l a z e r   s y s t e m  i s  that S / X   p c ~ f o r m s   w i t h i n  5 s o l r a d  of t.hc Sun 
w h e r e a s  S u n b l a z e r  d o e s  not. A s  d i s c u s s e d  e l s e w h e r e ,  the  Sunb laze r  sys t c ln  
probably  would  not  pene t ra te  7 o r  even  10 s o l r a d .  
F i g u r c 4 5  shows thc  percentage e r r o r   i n   t h e   ~ n e a s u r e ~ n e n t  of I 
fo r  a t r a n s m i t t e d  e n e r g y  of 6 j ou lc s  pe r  r ang ing  code  word .  F r o m  F i g . 4 5  
i t  is p o s s i l ~ l c  to  c o m p a r c  i n  a l ~ s o l u t c :   t e r m s  Lhc p e r f o r m a n c e  of Sunb laze r  
and  the  S /X" l>and  sys t ems .  Fo r  pa th  ofIsets g r e a t e r  t h a n  8 0  s o l r a c l ,  e r r o r  
i n  I e x c e e d s  30% and lO0;o f o r  [:he 85 '  and  210 '  an t ennas  r e spec t ive ly .  
Thcsc c r ro r s  can  be  r cc luccd  by  avc rag i~ lg  ove r  a n u ~ n h c r  of samples ,  
a t   t h e   c o s t  of d e c r e a s e d   a c c u r a c y   i n  the e l cc t rondens i ty   f l uc tua t ion .  
Downlink '   Conclusions 
The fo l lowing  conclus ions  can  be s t a t e d   a s  a r c s u l t  of the downlink 
a n a l y s i s ,  
1 .  S a n d   X - b a n d s   a r e  tlle on ly   f r equenc ie s  Tor a downlink 
expe r imen t  w i th  ex i s t ing  f ac i l i t i e s .  Suppor t ing  th i s  i s  
both S/N analysis  and thc fact  that  opcral . iona1 downlinlc  
equ ipmen t  ex i s t s  at 2295 MHz and  an  X-band  t e l eme t ry  
downlink i s  i n   p r e p a r a t i o n   f o r   f u t u r e  missions. 
2. F o r  p r o p a g a t i o n  p a t h s  ~ v i t l ~ i n  7 s o l r a d ,   o r  5 at: t h e  v e r y  l e a s t  
of the S u n ,  S /X-band  us ing  e i the r  t hc  85' o r  2 1 0 '  a n t e n n a  i s  
s u p e r i o r  t o  t h e  p r o p o s e d  70/80 MHz S u n b l a z c r  s y s t e m .  
3 .  A con t inuous   wave   (CW)   sys t em is m a r g i n a l   b e c a u s e  of 
i n a d e q u a t e  s p a c e c r a f t  p o w e r .  T h i s  f o r c e s  t h e  clownlinlc ex- 
p e r i m e n t  to  a pulsed  type  of s i g n a l  o r  f r e q u c n c y  - 6 GHz. 
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4. R e a l  t i m e   d a t a   p r o c e s s i n g  is  not   poss ib le   wi th   pu lses .  A s  
a r e s u l t   r a w   d a t a   m u s t  be r e c o r d e d  on magl1eti.c tape and 
r e d u c e d  b y  compute r   on   t he   g round .  
5. F o r  p a t h  o f i s e t s  g r e a t e r  t h a n  5 s o l a r  r a d i i  a n d  a suf f ic ien t ly  
q u i e t  S u n ,  t h e  m e a s u r e m e n t  a c c u r a c y  of I i s  b e t t e r  f o r  t h e  
7 0 / 8 0  M H z  El C a m p o  s y s t e m  t h a n  i t  is f u r  the S/X band  sys t em.  
6. The  2 1 0 '  an t enna   a t   Go lds tone  is the f irst  cho ice   fo r   t he  
expcrimcnt;  ho\ ; r ,cver ,  i t  i s  t i gh t ly  schedu led  fo r  o the r  mis s ions .  
S c h e d u l i n g   t h e r e f o r e   p r o b a b l y   e l i m i n a t e s   i t   a s  a cand ida te  fo r  
t he   Sunb laze r   expe r imen t .  
7 .  The  85 '   an tenna  is  the   p r ime  candida te   . for   the   Sunblazcr  
expe r imcn t .  Schedu l ing  is not  a s c v e r e  p r o b l e m  s i n c e  a l a r g e  
n u m b e r  of an tennas  a re  in  ope ra t ion .  
Uplink  Ana1ysi.s 
T h e   u p l i n k   a n a l y s i s   p r o c e e d s   i n   t h e   s a m e   g e n e r a l   m a n n e r  as t h a t  of 
t he   downl ink .   Thc re   a r e ,   howcver ,   two   impor t an t   d i s t i nc t ions   be tween  
the upl ink and the downlink.  The f i rs t  is the  e f f ec t ive  no i se  t empera tu re  
of the  rcce iver ,  which  i s  independent  of the  propagat ion  pa th .  This  is  
because   t he   w ide   beamwid th  of t h e   s p a c e c r a f t   r e c e i v i n g   a n t e n n a   a l w a y s  
" s e e s "  the   Sun .   The   second  d i f fe rence  is r ad ia l ed   power .   The  up1.ink 
c a n  e a s i l y  r a d i a t e  a n  a v e r a g e  p o w e r  w h i c h  i s  30 to 40 clb g r e a t e r  t h a n  
downl ink  power .  In  shor t  whereas  the  downl ink  i s  l imi tcd  by  average  
pr i rnc powcr,  the upl ink is only equipment  1i .mited.  This  means that  
m e a s u r e n l e n t   a c c u r a c y   c a n   h e   i n c r e a s e d  i n  compar i son   t o   t he   l ower   power  
downlink, and m o r e  iu lpo r t an t  t he  g rea t e r  S / N  m a r g i n  m a i n t a i n s  t h e  l i n k  
du r ing  any  deep  f ad ing  phenomenon  nea r  t he  Sun ,  duri1n.g s o l a r   s t o r m s ,  
and  in  the  cvent  tha t  l esser  fac i l i t i es  subs t i tu te  dur ing  schedule  conf l ic t s .  
Fac i l i t i e s .  -The  d i scuss ion  in  the  Fac i l i t i e s  - Receiv ing  Antenna  
s e c t i o n  c o n c e r n i n g  a n t e n n a s  s t i l l  a p p l i e s .  H i g h  p o w e r  l r a n s n ~ i t t e r s  a r c  
not  genera l ly  ava i lab le ,  bu t  1 0  k w  t r a n s m i t l c r s  w i l l  s u f f i c e  e x c e p t  d u r i n g  
t h e   m o s t   s e v e r e   s o l a r   s t o r m s .  
R e f e r r i n g  to  Tablc  V S tanford ,  L incoln  Labs  and  NASA - Golds tone  
h a v e  t r a n s m i t t e r s  c a p a b l c  of i n t e rp l ane ta ry  communica t ion .  The  S tan fo rd  
t r a n s m i t t e r s   w e r e   u s e d  for t h e   P i o n e e r  VI and  VI1 e x p c r i m c n t   i n  con-  
junct ion with a 150 '  an t enna .  L inco ln  Labs  h a s  a p l a n e t a r y  r a d a r  a t  
1295  MHz u s i n g  a n  8 5 '  a n t c n n a .  T h i s  r a d a r  i s  c a p a b l e  of gene ra t ing  2 ms  
p u l s c s  a t  5 A 4 w  peak  power  ( Inax .  average  power  i s  150 k w ) .  Modulation 
wi th in  the  pulse  ho\ \~evcr  i s  not  poss ib le .  L i .ncoln  Labs  a l so  has  a p l ane -  
t a r y  r a d a r  a t  7. 9 GHz .  T h i s  r a d a r  r a d i a t e s  4 0 0  k w  ave rage  powcr  and  
has a max imum s igna l  pu l se  wid th  of 1 2  p s  . NASA has t r ansun i t - t c r s  a t  
2115 f 5 M I J z   ( w h i c h   a r c   u s e d  for  upl ink  communica t ions)  in the  space  
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p r o g r a m .  M a n y  t r a n s m i t t e r s  a r e  a v a i l a b l e  ai: the 10 kw a v e r a g e  p o w e r  
level. ,  and as  m u c h   a s  400  kw has b e e n  g e n e s a t e d ;  1 0 0  kw is r e a d i l y  
ava i l ab le  a t  Go lds tone .  NASA a l s o  h a s  a 100 kw p l a n e t a r y  r a d a r  a t  
2 3 8   3 ~ 5  MHz a t   Golds tone   a long   wi th  a 1 5 - 2 5  kw t r a n s m i t t e r   a t  8. 9 GHz. 
111 the  deep s p a c e   p r o g r a m   t h e   m a j o r i t y  of equipment  and e x p e r i e n c e  
is a t  S-band.  Whi le  th i s  fac t  is no t  t he  d r iv ing  f ac to r  in f r e q b c n c y  s e l e c -  
G0.n i t  ca.unot be overlooked.  
~ 1 "  N o i s e   T e m p e r a t = ? .   - T h e   t h r e e   s o u r c e s  of n o i s e   ( g a l a c t i c ,   s o l a r  
a n d  r e c e i v e r )  a r e  c o n s i d e r e d  h e r e .  B o t h  g a l a c t i c  a n d  s o l a r  n o i s e  a r e  
negl ig ib le  ai: a l l  m i c r o w a v e  f r e q u e n c i e s  c o n s i d e r e d  f o r  the up l ink .  Assumed  
r e c e i v e r  n o i s e  t e ~ r ~ p e r a t u r e  i s  given in  Fig.46 . T r a n s i s t o r s  c'r tunnel 
d iode   ampl i f i e r s   i n   t he   r ece ive r   f ron t   end   w i l l   y i e ld   t he   no i se   t cn lpc ra tu res  
shown in Fig.  47 . This  can  be  checked  wi th  F ig .  38 . 
S/N v e r s u s  F r e q y e n c y  - Uplink.  -The S/N given  in  F ig ,  47  i s  
ob ta ined  f rom the  r ange  equa t ion .  The  pe r t inen t  pa rame te r s  a re :  
.__ " 
. T r a n s m i t t e r  P o w e r  = 1 0  kw 
Antenna  = 8 5 '  d i a m e t e r  
Bandwidth = Channe l  phase  j i t t e r  11andwit.h a t  3 s o l r a d  
Rece ive r  Ca in ,  s ame  as  downl ink ,  20  db 
Range  = 2 a .  u. 
No i se   Tempera tu re   i n   F ig .   46  
S y s t e m  Loss = 3 db 
2 3 0 0  1 
(16 f o ( M H x )  ) 
The bandwidth used in  Fig.4-7 is  channel .  phase j i t ter  bandwidth which 
we  use  fo r  t he  phase  lock  loop  bandwidth. A s  shown in Fig.  47 Lhe S/N 
above 1000 MHz i s  exce l l en t  and  a s  in  the  downli.nk a n a l y s i s  t h e  l ower  
f r e q u e n c i e s  a r e  n o t  a t t r a c t i v e  u s i n g  e x i s t i n g  a n l e n n a s .  N o t e  that  the 85' 
an tenna  i s  u sed  in  the  up l ink  ca l cu la t ion ;  the 2 1 0 '  an t enna  has  been 
exc luded  because  the  85 '  an t enna  i s  adequa te .  
ComEar i son  o i  S - B a n d ~ J i ~ n k - ~ t l l S ~ n b l a z e r  Sys tem.  - In  lh i s  sec t ion  
a c o m p a r i s o n   i s   m a d e   b e t w e e n   t h e   a c c u r a c y  of t h e   1 - m e a s u r e m e n t   u s i n g   a n  
S - b a n d  u p l i n k  o n  c a r r i e r  f r e q u e n c i e s  of 2115 and 3115 h4Hz and Lhe a c c u r a c y  
with the 7 0 / 8 0  MHz Sun Sys tem.  The  upl ink  i s  assumed to  employ  phase  
unodula t ion  as  d id  the  P ioneer  VI and VI1 e x p e r i m e n l .  The u s e  of a r a n g -  
ing code on  an  upl ink  i s  un l ike ly  because  of r ece ive r   con lp lex i ty ,  i. e . ,  
de l ay  l i nes  and  code  co r re l a lo r s .  Rece ive r  counp lcx i ly  t r ans l a l e s  i n to  
spacec ra f t  we igh t ,  vo lun le  and  r e l i ab i l i t y  p rob lems .  
- ~ _ _ "  
Group  t ime  de lay  [Eq. (13 ) ]  i s   w r i t t e n   i n   t e r m s  of modu la t ion  f r equency  
p h a s e  s h i f t  in Eq. (28 )  
109 
110 
L 
W .- 
L 
L 
Q 
0 
I o 3  
.Receiver (.;aj.n = 20 d b  
Trans Antenna  = 85' njanl. 
R a q e  = 3 x 10" m 
System Loss = 3 db 
10- 
1 o2  
Frcquency(MI1z)  
111 
I 
The m i n i m u m  p h a s e  shift w h i c h  c a n  b e  m e a s u r e d  i s :  ( w h e r e  f = 
modula t ion   f r equency)  in 
A P ,  = 
1 
&vN 
w h e r e   S / N  = s igna l - to -no i se  r a t io  in  a bandwidth equal to  the  r ec ip roca l  
of  the  channel  coherence  t ime.  
In  the downlink sect ion and Fig.47 the bandwidth used to obtain 
phase  lock  S / N  is the  channel  phase  j i t t e r  bandwidth  ( 1 6  H z  @ 2295 MHz)  
w h i c h  v a r i e s  i n v e r s e l y  w i t h  t h e  c a r r i e r  f r e q u e n c y .  T h i s  is  t h e  m i n i m u m  
bandwidth possible  on the communica t ion  l i nk  and  de te rmines  i f  con lnmni -  
ca t ions  a r e  p o s s i b l e  a t  a l l .  I n  o r d e r  to de t e rmine  the  e r ro r  i n  the  modu-  
l a t i o n  p h a s e  ( a n d  t h e r e f o r e  t h e  e r r o r  i n  I)  t h e  r e c i p r o c a l o f  t h e  c h a n n e l  
c o h e r e n c e  t i m e  is u s e d .  Th i s  bandwid th  a t  mic rowave  f r equanc ie s  is 
la rger  than  the  channel  phase  j i t t e r  bandwidth  and  does  not  v; ry  with 
f r equency .  A s  a r e s u l t  t h e  S / N  u s e d  i n  Eq. (29) i s  s m a l l e r  t n a n  t h a t  of 
F ig .  47  . 
E r r o r  i n  I t h e r e f o r e  i s :  
A @ - & =  
I Q 
2 
f l  
” (3 0) 
‘h 
T h e  S / N  a t  S - b a n d  i s  e q u a l  to 160 and  is  o b t a i n e d  f r o m  t h e  ra:-ly=e equat ion  
us ing   t he   fo l lowing   pa rame te r s .  
P o w e r   t r a n s m i t t e d  = 10 kw 
T r a n s m i t t i n g   A n t e n n a  = 8 5 ’  Dia1-n. 
Rece ive r   Ga in  = 100 
Range  = 2 a . u .  
N o i s e   T e m p e r a t u r e  = 600°K a t   S - b a n d  
S y s t e m  Loss = 3 db 
Rece iver   Bandwidth  = 100  Hz  ( cohe rence  t i rne  = 10 ms) 
T h e   r e c e i v e r   b a n d w i d t h  of 100 H z   i s   o b t a i n e d   f r o m   t h e   r e c i p r o c a l  of the 
channe l  cohe rence  t ime  ( s c e  Appendix  3) .  
F i g u r e  48 shows t h e  p e r c e n t a g e  e r r o r  i n  I ve r sus  pa th  o f f se t  fo r  an  
S - b a n d  s y s t e m  a n d  t h e  S u n b l a z e r  system. T h e  c u r v e  f o r  t h e  S u n l ~ l a z e r  
s y s t e m  is o b t a i n e d   d i r e c t l y   f r o m   F i g . 4 5 .  
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Note in  F i g .  48 t h e r e  a r e  two  cu rves  shown f o r  t h e  S - b a n d  s y s t e m .  
One cu  ve  i s  f o r  a modula t ion  f requency  of l o 6  IHz a n d  t h e  o t h e r  f o r  
5 x 10 & H z .  T h e   p h a s e   m o d u l a t i o n   s y s t e m   h a s   t h e   a d v a n t a g e  of i n c r e a s i n g  
r e s o l u t i o n   b y   i n c r e a s i n g   t h e   nodulation f r e q u e n c y   w i t h o u t   s e r i o u s l y   i n -  
c r e a s i n g  s y s t e m  c o m p l e x i t y .  N e a r  t h e  S u n  a l o w e r  m o d u l a t i o n  f r e q u e n c y  
c a n   b e   u s e d ,   a t   l a r g e r   p a t h   o f f s e t   w h e r e   h i g h e r   r e s o l u t i o n  is r e q u i r e d ,  
t he  modu la t ion  f r equency  can  be i n c r e a s e d .  I n  t h i s  m a n n e r  a n  S - b a n d  
up l ink  can  a lways  measu re  I w i t h  g r e a t e r  a c c u r a c y  t h a n  t h a t  o b t a i n e d  
wi th   Sunb laze r .  
T h e   S - b a n d   u p l i n k   i s   e x p e n d i n g   c o n s i d e r a b l y   m o r e   e n e r g y   p e r   m e a -  
su remen t  t han  the  Sunb laze r  downli.nIc. E n e r g y ,  h o w e v e r ,  i s  of l i t t l e  
i m p o r t a n c e  0 1 1  the  upl ink ,  s ince  h igh  power  t r a n s m i t t e r s   a r e   a v a i l a b l e ,  
a n d  m a y  a s  w e l l  be u s e d .  T h i s  is n o t  t r u e  o n  t h e  d o w n l i n k  w h e r e  p r i m a r y  
p o w e r  i s  s e v e r e l y  l i m i t e d .  
I t  r e m a i n s  t o  d e t e r m i n e  if c y c l e  a m b i g u i t i e s  c a n  b e  r e s o l v e d ,  a 
p r o b l e m   d i s c u s s e d   i n   t h e   S p a c e c r a f t   P r o p a g a t i o n   E x p e r i m e n t s   s e c t i o n   i n  
connec t ion  wi th  F ig .  18 .  Th i s  f igu re  shows  the  g roup  de lay  in  t e rms  of 
t he  number  of c y c l e s  of the  modula t ion  f requency .  In o r d e r  to resol.ve 
the  cyc le  ambigu i t i e s  t he  lnodu la t ion  f r equency  mus t  be  changed  and  the  
phase  sh i f t  no ted  a t  each  f r equency .  In  the  example  of F i g .  18 modulat ion 
f r e q u e n c i e s  of 1O61Hz and 9 x 1 0 5 H z  a r e  u s e d .  A s  the  example  ind ica t e s  
t h e   p h a s e   s h i f t   m e a s u r e d   o n   e a c h   f r e q u e n c y   i s   u n i q u e   t o   a n   i n t e g r a l   n u m b e r  
of  cyc les  of phase  sh i f t .  The  phase  1-eso lu t ion  i s  given j n  Eq. (29).  S ince  
the S/N i s  equal  to  160 t h e  r e s o l u t i o n  i s  3 .  2 O .  This  r e so lu t ion  ( equa l  t o  
abou t   cyc le s )   i s  u f f i c i en t   t o   r e so lve   t he   ambigu i ty   p rob lem.  
T e l e m e t r y  
T e l e m e t r y   f r o m   t h e   s p a c e c r a f t  i s  r e q u i r e d   w h e t h e r   a n   u p l i n k   o r  
downlink is  used.  In  the upl ink case t e l e m e t r y  r e q u i r e m e n t s  a r e  m o r e  
s t r i n g e n t  s i n c e  s o l a r  c o r o n a  d a t a  i n  a d d i t i o n . t o  a n y  c o m m a n d / c o n t r o l  
i n f o r m a t i o n   m u s t   b e   t e l e m e t e r e d .  
A s s u m i n g   a n   u p l i n k   e x p e r i m e n t  is  e m p l o y e d   t h e r e   a r e   t w o   p o s s i b l e  
m e t h o d s  of r e t r i e v i n g  t h e  s o l a r  c o r o n a  d a t a .  O n e  m e t h o d  i s  to  cont inuously 
t e l e m e t e r  t h e  d a t a  a s  t h e  e x p e r i m e n t  p r o g r e s s e s  ( C o n t i n u o u s  M o d e )  a n d  t h e  
s e c o n d   t n e t h o d   i s   t o   r e c o r d   t h e   d a t a   a b o a r d   t h e   s p a c e c r a f t   a n d   t h e n  a t  a n  
advantageous  orb i ta l  pos i t ion  "dump" the  da ta  (Data  Dump Mode) .  A 
compar i son   be tween  t h e  two   modes  is  shown in  Table  1.11. 
For  the  Con t inuous  Mode  X-band  t e l eme t ry  wi l l  be  r equ i r ed  to m i n i -  
m i z e  s i g n a l / s o l a r  c o r o n a  i n t e r a c t i o n .  T h e  D a t a  D u m p  M o d e  c o u l d  u s e  S-  
o r  X - b a n d .  A s s u m i n g  X - b a n d  a n d  b i n a r y  p h a s e  u ~ o d u l a t i o n  ( c o h e r e n t  p h a s e  
shif t  keying)  is  u s e d   i n   b o t h   c a s e s   t h e   b i t   e r r o r   p r o b a b i l i t y   v e r s u s   d a t a  
r a t e  ( b i t s / s e c )  c a n  b e  d e t e r m i n e d .  F i g u r e  49 g i v e s  t h e  b i t  e r r o r  p r o b a b i l i t y  
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v s  E / N o  ( r a t i o  of b i t  ene rgy  to  no i se  energy). E / N o  v e r s u s  b i L  r a t e  c a n  
b e   d e t e r r n i n c d   f r o m   t h e   r a n g e   e q u a t . i o n   a n d   t h e   p a r a m e t e r s  o i  Tab le  1V 
which  in turn y i e l d s   F i g . 5 0  , the  bit r a t e   v e r s u s   b i t   e r r o r   p r o b a b i l i t y .  
Table VI1 T e l e m e t r y  M o d e  C o m p a r i s o n  
" " 
Advan tage   D i sadvan tage  
. ."__. ~ " _ _ _ _ _ _ _  "._I_.._ _  
Cont inuous   Mode No d a t a   r e c o r d i n g  Low d a t a  rate as p r o p a -  
a b o a r d   s p a c e c r a f t   g a i o n   p a t h   n e a r s  Sun 
Data Dump Mode  f iecord ing  equipment High d a t a   r a t e  4 
r e q u i r e d  
" 
Tab le  VI11 P a r a m e t e r s  t o  D e t e r m i n e  E / N  vs.  Bit R a t e  
- -" ___"_ 0 
Continuous  M deData  D mp Mode 
" --_ " 
Radia t ed  Power 5w 5w. 
T r a n s m i t t e r  10  10 
Antenna  Gain  
Rece iv ing   Antenna  2 1 0 '  Antenna 
(Ae = 1900 m ) 2 a t  Golds tone  
N o i s e  Temp.  0 0 OK :: OK :: :: 
Range  3 x 101 1 m::c 2. x 1 1 ,,1::: :: 
__ ____ 
:: Propaga t ion  pa th  3 s o l a r  r a d i i  f r o m  S u n  
.L .I, 
r 2 . I,. P r o p a g a t i o n   p a t h  1 0 0  s o l a r   r a d i i   i r o m   S u n  
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I 
- 4  0 4 12 
E/N, IN DECIBELS 
F i g u r e  49. E r r o r   R a t e s   i o r   B i n a r y   P h a s e   M o d u l a t i o n .  
F r o m  J-. G. Lawton ,  "Compar i son  of B i n a r y  
D a t a  T r a n s m i s s i o n  S y s t e m s ,  I '  P r o c e e d i n g s  of 
the  Second Nat iona l  Conference  on M i l i t a r y  
E l e c t r o n i c s ;  1958.  
116 
- .. . . . .
r 
1 10 
Bit Rate (Dits /Sec)  
F i g u r c  5 0  Telemeter  crror ra tcs  
100 
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A s s u m i n g  a n  e r r o r  p r o b a b i l i t y  of 1 0  is adequa te  for  t h e  t e l e m e t r y  -4 
l i n k  d a t a  r a t e s  of 10 and 100 b i t s / s e c   a r e   s h o w n  for  the Continuous and 
Data  Dump Modes  respec t ive ly  in  F ig .  50 . It r e m a i n s  to  t r a d e  off t hese  
b i t  r a t e s  w i t h  t h e  p e n a l t i e s  i n c u r r e d  ( r e c o r d i n g  e q u i p m e n l ,  e t c .  ) b y  e a c h  
s y s t e m  b e f o r e  a se l ec t ion  can  be m a d e .  T h i s  i n v o l v e s  the o v e r a l l  s p a c e -  
c raf t   des ign   and   weight   budget .  
Te lecomnlunica t ion   Link .   Calcu la t ion  
U s i n g  a v a i l a b l e  a n t e n n a  p e r f o r m a n c e s ,  n o i s e  i i g u r e s  a n d  s y s t e n l  
losses  f r o m  the Vik ing   expe r imen t  w e  h a v e   c o m p a r e d  a p roposed  S-X 
band upl ink  wi th  the  MIT-El  Campo downl ink .  The  ca lcu la t ion  and  re -  
sults l i s ted  in T a b l e s  IX and X s h o w  c l e a r l y  t h a t  if r ad io  probing  is t o  
b e  d o n e  a s  c l o s e  a s  3 so l r ads  on ly  S-X band has  suf f ic ien t  s igna l - to-noise-  
r a t i o .  P r o c e s s e d  d a t a  s i g n a l  f o r  S-X band is a l m o s t  13db above  noise  
while  El C a m p o ' s   s i g n a l   i s   m o r e   t h a n   3 0 d b   b e l o w   n o i s e .  
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T r a n s m i t f i E g  -4ll~.el111a Gain 125' 
Space Loss 2 ALJ 
I iccc iv inz  Antc::1na G a i n  
Re.ceiving A I I ~ C I I I I ~  Pointi.ng Loss 
Rcce iv ing  Ci rcu i t  L,:lss 
N e t  C i r c u i t  Loss 
Tota l  R e c e i v c d   P o w e r  
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CRITIQUE O F  THE M I T  S U N B L A Z E R  S T U D Y  
Th i s   t op ic '  is conven ien t ly   d iv ided   i n to   fou r   pa r t s :   t he   s tudy  of su i t ab le  
o r b i t s ,  t h e  d e s i g n  of t he  spacec ra f t  con f igu ra t ion  and  a t t i t ude  con t ro l s ,  t he  
c h o i c e  of f r e q u e n c y   a n d   h a r d w a r e   f o r   t h e   e x p e r i m e n t a l   p r o p a g a t i o n   l i n k ,  
and  f ina l ly  the  coord ina t ion  of t he   o the r   t h ree .  
O r b i t  
W e  cons ide r  t he  se l ec t ion  and  desc r ip t ion  of o rb i t s  t o  be  the  bes t  
cont r ibu t ion  of t h i s  r e p o r t .  I n  t h e  r e c o m m e n d e d  o r b i t s  t h e  s p a c e c r a f t ' s  
a p h e l i o n  o c c u r s  w h e n  i t  i s  behind the Sun a s  v i e w e d  f r o m  E a r t h .  T h i s  
p r o d u c e s  a t r ip le  conjunct ion ,  which  is i l l u s t r a t ed  in  the  va r lous  Sunb laze r  
o r b i t  f i g u r e s .  T h r e e  a d v a n t a g e s  r e s u l t .  F i r s t  a n d  m o s t  i m p o r t a n t  i s  
tha t   by   p ro longing   the   conjunct ion   per iod  a g r e a t   d e a l   m o r e   d a t a   c a n   b e  
ga the red  wh ich  has  a m u c h  g r e a t e r  c h a n c e  of i nc lnd ing  unusua l  so l a r  
even t s .  Second ,  t he  p robe  wi l l  spend  nea r ly  50 clays in the vicinity of 
each  of t he  two  r eve r sa l s  i n  the  so l a r  encoun te r  p ro f i1 . e  ( s e e  Fig .51  ).  
T h e  Sui? ro t a t e s  tw ice  in  th i s  t ime  and  a l lows  one  t o  s e p a r a t e  p e r s i s t a n t  
p h e n o m e n a   f r o m   t h e   t r a n s i e n t   o n e s   t h a t   a r e   m i s s i n g   t h e   s e c o n d   t i m e  
a r o u n d .  T h i r d ,  a n d  l e a s t  i m p o r t a n t ,  t h e  t r i p l e  c o n j u n c t i o n  p r o v i d e s  t w o  
r e v e r s a l s   i n   t h e   v e l o c i t y  of the 1i.n.-of-sight with respect to the Sup.  
T h i s  p r o v i d e s  a g r e a t e r   v a r i e t y  of r e l a t ive   ve loc i t i e s   be tween   t he   l i ne -  
of -s ight  and  the  so la r  wind  for  s ta t i s t ica l  s tud ies  of the  f luc tua t ions  in  the  
c o r o n a .  
Spacec ra f t   Conf igu ra t ion  
The  Sunb laze r  s tudy  r ecommended  a s p a c e c r a f t  t h a t  i s  s p i n  s t a b i -  
l i zed  wi th  the  sp in  ax is  po in ted  a t  the  Sun.  The  so lar  panc ls  on the  sunl i t  
s ides  would  then  be  in  the  sunl ight  a t  a l l  t imes .  The r e c o n ~ m c n d e d  a t t i t u d e  
c o n t r o l  s y s t e m  i s  b a s e d  011 a s i m p l e  S u n  d i r e c t i o n  s e n s o r ,  a n d  Lhe t h r u s t  
, n e c e s s a r y  t o  p r e c e s s  t h e  s p i n  a x i s  i s  a c h i e v e d  w i t h  t h c  a i d  of s o l a r   v a n e s  
o r  s a i l s .  T h e s e  b a s i c  p r i n c i p l e s  a r e  sound,  and  we have  adopted  them.  
H o w e v e r ,  t h e r e  i s  r o o m  f o r  i m p r o v e m e n t  b y  u s i n g  a pas s ive  a t t i t ude  
con t ro l  t echn ique  fo r  t he  s t eady  s t a t e  cond i t ion  as  discussed in  the Att i . tude 
C o n t r o l  s e c t i o n  of t h i s  r e p o r t .  
P r o p a g a t i o n   E x p e r i m e n t  
Th i s  po r t ion  of the  Sunb laze r  s tudy  is unsa t i s f ac to ry .  The  cho ice  
of f r e q u e n c i e s  on t h e  o r d e r  of 100 MHz is i n e p t  f o r  m a n y  r e a s o n s ,  m o s t  
o f   wh ich   a r e   l i s t ed   be low:  
1. The P i o n e e r  V I  so l a r   occu l t a t ion   expe r imen t s   howed   t ha t  
t h e   S u n ' s   d i s c  has an  S -band  r ad ius  fou r  t imes  the  v i s ib l e  
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r a d i u s .  N e a r  100 MHz t h e  i n t e r a c t i o n  w i t h  t h e  c o r o n a  w i l l  
be m u c h   s t r o n g e r   a n d   t h e   e f f e c t i v e   r a d i u s   f o r   t h a t   f r e q u e n c y  
will  be a t   l e a s t  a s  l a r g e   a n d   p r o b a b l y  a g r e a t   d e a l   l a r g e r .  
Th i s  means  tha t  t he  e f f ec t ive  d i sc  s i ze  fo r  100  M H z  wi l l  
o b s c u r e  m o s t  of t h e  r e g i o n  of i n t e r e s t !  A l i k e l y  c a u s e  f o r  
t he  S -band  ! ' r ad ius ' '  is e x c e s s   p h a s e   j i t t e r   t h a t   s p r e a d s   t h e  
s i g n a l   i n   f r e q u e n c y   u n t i l   i t s   s p e c t r a l   d e n s i t y   w a s   b e l o w   t h e  
n o i s e .  If t h i s  i n t e r p r e t a t i o n  i s  c o r r e c t ,  w e  e x p e c t  a 100 
MHz r a d i u s  of a t   l e a s t  7 s o l r a d , w h e r e  a b a n d w i d t h   i n c r e a s e  
s t a r t s   t o   b e   p e r c e p t i b l e '  i n   Go ids t e in ' s   S -band   da t a   fo r  
P i o n e e r  VI. 
2.  T h e   l a r g e   S u n b l . a z e r   g r o u n d   a n t e n n a   a r r a y   f o r  100 MHz 
a n d  t h e  p u l s e  r e c e i v e r  s y s t e m  ( n o t  c o n t i n u o u s l y  p h a s e  l o c k e d )  
i n v o l v e   h a r d w a r e   a n d   t e c h n i q u e s   w h i c h   a r e   n e w   t o   d e e p   s p a c e .  
T h i s   c o s t   a n d   a s s o c i a t e d   d e v e l o p m e n t   r i s k  i s  u n n e c e s s a r y  
in   v i ew oi t h e   v e r y   s u c c e s s f u l   S - b a n d   u p l i n k   t o   M a r i n e r  IV  
w h i c h  e m p l o y e d  o n l y  s t a n d a r d  d e e p  s p a c e  e q u i p m e n t .  
3 .  O u r   c o m m u n i c a t i o n s   l i n k   a n a l y s i s   s h o w s   t h a t  even i n  a theo-  
r e t i c a l  s e n s e  t h e  M I T  c h o i c e  i s  n o t  o p t i m u m .  T h e y  c o n -  
ven ien t ly  chose  a one  mi l l i on  OI< c o r o n a ,  o r  qu ie t  Sun, and  
on t h i s  b a s i s  n e g l e c t e d  s o l a r  n o i s e  c o m p a r e d  t o  g a l a c . t i c  
n o i s e .  A d i s t u r b e d  S u n  c a n  he 40 d b  n o i s i e r .  O u r  l i n k  
a n a l y s i s  a s s u m e s  20  dl2 n o i s i e r  ( g e o m e t r i c  m e a n ) ,  o r  about  
l o 8  deg .  K .  T h i s  s o l a r  n o i s e  w o u l d  e q u a l  g a l a c t i c  n o i s e  
a t  a b o u t  15 s o l r a d  of path offset and would  exceed  ga lac t ic  
no i se  by  10  d b  a t   a b o u t  8 s o l r a d .  
4.  T h e   v e r y   l i m i t e d   t r a c k i n g   f a c i l i t i e s ,   m a j . n l y   o n e   v e r y   l a r g e  
a r r ay ;  wou ld  p rov ide  on ly  a f e w   h o u r s   t r a c k i n g   p e r   d a y ,  
even  i f  t he   huge   complex   t h ing   cou ld   ope ra t e   w i thou t   f a i lu re .  
S u c h   i n t e r m i t t e n t   t r a c k i n g   i s   u n s a t i s f a c t o r y   i n   v i e w  of the  
l a r g e   n u m b e r  of i n t e r e s t i n g   b u t   i n f r e q u e n t   s o l a r   e v e n t s  
w h i c h  a r e  l i k e l y  t o  b e  m i s s e d .  M o r e o v e r ,  s u c h  i n t e r l n i t t e n t  
t r a c k i n g  c a n n o t  e v e n  d e t c r m i n e  t h e  t i m e  c o n s t a n t s  of rou t ine  
even t s  w i th in  thc  impor t an t  r ange  of about 6 to  12 h o u r s .  
T h e   f r e q u e n c y   a n d   d u r a t i o n  of e v e n t s   w e r e   n o t e d   i n   t h c  
P r o p a g a t i o n  E x p e r i m e n t s  s e c t i o n  a n d  i n  t h e  P r e s e n t  K n o w -  
ledge  Sec t ion  of t h i s   r e p o r t .  
5. S t r o n g  s c a t t e r i n g  a t  l o w  f r e q u e n c y  is l e s s  i n fo rma t ive  than  
w e a k  s c a t t e r i n g  a t  h i g h  f r e q u e n c y ,  b e c a u s e :  ( a )  the  equat ions  
f o r  s t r o n g  s c a t t e r i n g  a r e  too difficult  to solve with any con- 
f idence ;  and  ( 1 1 )  m u l t i p l e  s c a t t e r i n g  b l u r s  t h e  d e t a i l s  of the  
s i n g l e  s c a t t e r i n g  f u n c t i o n .  
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Coordina t ion  
T h e   S u n b l a z e r   p r o j e c t   s t a f f   w a s   n o t   p r o p e r l y c o o r d i n a t e d ;   a t   l e a s t   t h o s e  
who s tudied   orb i t s   d id   no t   t a lk   - to   those   who  d id   the   l ink   ana lys i s ,   o r  
v i c e   v e r s a .   F r o m   a n   o r b i t a l   p o i n t  of v i ew the  o rb i t  based  on  a Ju ly  launch  
w a s  s e l e c t e d  f o r  s p e c i a l  a t t e n t i o n  as a l ead ing  cand ida te .  Th i s  o rb i t  wou ld  
c a u s e  a pe r iod  of conjunct ion  to  occur  18 m o n t h s   l a t e r   d u r i n g   t h e   l a t t e r  
p a r t  of J a n u a r y .  H o w e v e r ,  a t  t h i s  t i m e  of y e a r  a downl ink  rece iv ing  an tenna  
on   the   g round  would   be   looking   a lmost   d i rec t ly  a t  t h e   c e n t e r  of the  galaxy 
and would be picking u p  a s  m u c h  as 10  d b  e x c e s s  noise! The  fo l lowing  
t h r e e  f i g u r e s  ( F i g s .  51, 52 and  53) d e m o n s t r a t e  t h i s .  M o r e o v e r ,  t h e  
dec l ina t ion  of the Sun is l o w e s t  in J a n u a r y ,  s o  t h e  e f f ec t  of t he  secan t  
of t he  zen i th  d i s t ance  is  to  a g g r a v a t e  t h e  i o n o s p h e r i c  e r r o r s .  F i n a l l y ,  
. t h e   d a y s   a r e   s h o r t e r ,   h e n c e   a l s o   t h e   t r a c k i n g   t i m e   f o r   t h e   c r a f t   b e h i n d  
the Sun,  and we h a v e  s e e n  t h a t  S u n b l a z e r  t r a c k i n g  t i m e  is c r i t i c a l l y  
short under  the bes t  c i r c u m s t a n c e s  ! 
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F i g u r e  51 Motion of Sunblazer R c l a t i v c  to  the Earth 
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=+33.5 
8 = 0°) 
F i g u r e 5 2  P r o j e c t i o n  of t h e  e a r t h ' s  o r b i t a l  m o t i o n  o n  Lhc c e l e s t i a l  s p h e r e  
is t h e  e c l i p t i c ;  t h i s  w i t 1  be unchangccl throug!lout the 2 6 ,  0 0 0 - y r  
p r e c e s s i o n  of t he  no r th  ce l c s t i a l  po le  abou t  t he  no r lh  po le  of the 
e c l i p t i c .  T h e  g a l a c t i c  c i r c l e  ( f o r  w h i c h  a f e w  c o n s t e l l a t i o n s  a r e  
ind ica t ed )  is f o r  the 2 0 t h  cen tu ry ,  whcn  P i s  l oca t ed  wi th in  abou t  1 
of a Urae  M i n o r i s  ( P o l a r i s ) .  T h e  n o r t h  g a l a c t i c  p o l e  is l o c a t e d  on  
the f a r   s i d e  of t h c  c c l c s t i a l  s p h e r e  ( a w a y  f r o m  t h e  r c a c l c r ) ,  a s  is  the 
d o t t e d  p o r t i o n  of the ga1ac t i . c  c i rc lc .  The  d a t e s  f o r  t he  cyu inoscs  and  
s o l s t i c e s  a re a p p r o x i m a t e .  ( F i g .  b y  Gordon W. W a r e s .  ) ( R e f .  1 0 )  ' 
0 
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F i g u r e  53 Radio Sky a t  250 Mc as  Observed  wi th  the  Ohio  S ta te  Univers i ty  96-he l ix  
Radio Te le scope .   (Re f .  11)  
I 
PASSIVE  SPACECRAFT  ATTITUDE  CONTROL 
T h e   u s u a l   t e c h n i q u e   f o r   p a s s i v e l y   s t a b i l i z i n g  a d e e p   s p a c e   p r o b e  
i s  to  spin i t  l ike  a planet ,  i. e .  , sp in  i t  a b o u t  a n  a x i s  p e r p e n d i c u l a r  t o  t h e  
p l ane  of the  ec l ip t ic .  This  is the familiar technique  for  s tab i l iz ing  
P ionee r  spacec ra f t .  However ,  i n  t he  case  of spacecraf t  l aunched  by  the  
Scou t   boos t e r ,   t he   l a s t   s t age  of the Scout  does not  know which way the 
ec l ip t ic  p lane  is o r i e n t e d .  T h i s  is  because  the  uppe rmos t  Scou t  s t age  
is a s i m p l e  u n g u i d e d  s p i n - s t a b i l i z e d  s t a g e .  T h e r e f o r e  a s y s t e m  Lhat 
wou ld   f i nd   t he   ec l ip t i c   o r   r e t a in   memory  of the  d i rec t ion  of the ecl ipt ic  
th roughout   the   s tag ing   process   would   consume  va luable   weight   o therwise  
al loted to  the payload.  The MIT Sunblazer  s ludies  proposed a good  so lu -  
t ion  to  th i s  problem,  v iz ,  a sp inn ing  spacec ra f t  w i th  i t s  axis pointed at  
the Sun. The sun direction is the one obvious direct ion that  a s imple  
senso r  can  f ind  and  fo l low.  The  MIT s t u d y  d i s c u s s e d  s p e c i f i c  m e a n s  
for  guiding on the Sun,  bot-h act ive and passi .ve.  However ,  w e  have 
dev i sed  a new scheme which  we be l ieve  to  be s u p e r i o r   t o   t h e i r s   a s  
regards  longevi ty ,  s impl ic i ty ,  weight  and  volume of t h e  n e c e s s a r y  
equipment .  The p o s s i b l e  u s e s  oi this  novel .  a l t i tude control  extend beyond 
the  spec i f ic  n l i ss ion  of t h e  s o l a r  p r o b e ,  s o  w e  d e s c r i b e  Lhc a l t i t ude  con-  
t r o l   s y s t e m   i n  a gene ra l   way   t ha t   w i l l   be   app l i cab le  Lo any   spacec ra f t  
tha t  i s  sp in  s l ah i l i zed  wi th  i ts  axis point.ed a1 the Sun. 
T h e  first r e q u i r e m e n t  of a sp in - s t ab i l i zed  spacec ra f t  is  t ha t  i t s  
a x i s  of ro ta t ion  be  Lhc a x i s  of m a x i m u m  m o m e n t  of iner t ia .  I t  is wel l  
known that  this  i s  the   on ly   ax is   about   which  a nea r ly   r i g id   body   w i l l  
ro t a t e  s t ab ly  fo r  an  inde f in i t e  l eng th  of t ime.  If t he  spacec ra f t  is s y w -  
m e t r i c a l  a b o u t  i t s  a x i s ,  t h i s  g i v e s  i t  the g e n e r a l  s h a p e  of a pil lbox a s  
opposed  to  the  uns tab le  c igar -shaped  conf igura t ion .  
F i g u r e  5 4  i l l u s t r a t e s  t he  p re fe r r ed  a t t i t ude  con t ro l  t echn ique  in  a 
schemat i c  way .  'The eight  vanes shown take advantage of s o l a r  p r e s s u r e  
to  achieve  pass ive  a t t i lude  cont ro l .  The  number ,  s ize  and  shape  of Lhc 
vanes  m a y  b e   a l t e r e d  in a wide  va r i e ty  of w a y s ,  a p a r t  f r o m  t h e  e s s e n l i a l  
f ea tu re s  desc r ibed  be low.  Dur ing  de ta i l ed  des ign ,  some su i tab le  modi f i -  
c a t i o n s  w i l l  p e r m i t  Lhe vanes to  be folded during launch.  Eight  vanes 
a re  shown,  but  a f ina l  des ign  may  have  fou r ,  s ix ,  o r  even  t en .  The  
v a n e s   a t t a c h e d   t o   t h e   b a c k   s u r f a c e   a r e   s h o w n   h a t c h e d   t o   a v o i d   c o n f u s i o n  
wi th  those  a t t ached  to  the  f ron t .  The top view shows the back vanes 
t i l t ed  s o  tha t  l i gh t  r e f l ec t ed  f rom them does  no t  s l r ike  the  back  s ide  of 
the  f ront  vanes .  The  f ront  faces  the  Sun ' so  tha t  each  f ront  vane  shadcs  
approx ima te ly  ha l f  t he  co r re spond ing  back  vane .  The  l a t t e r  a r e  s l i gh t ly  
s h o r l e r  t h a n  t h e  f r o n t  o n e s  i n  Lhe r ad ia l  d imens ion  so t h a t  the  outer  edge  
of each  back  vane  is s h a d e d   j u s t   a s   m u c h   a s   I h e   r e s t  of the vane,  even 
w h e n   t h e   s p a c e c r a f t  i s  t i l t ed  a fcw  degrees   away  i ron1   the   Sun .  
W e  now show t h a t  t h e  s o l a r  p r e s s u r e  d e v e l o p s  t o r q u e  i n  t h e  p r o p e r  
dircct iol i  to  t rack the Sun.  Suppose thaL the  t i l t ed  pos i t ion  shown in  the  
the front  view of F ig .  54 is  the way  the  c ra f t  appea r s  to a n   i m a g i n a r y  
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o b s e r v e r  a t  t h e  Sun. T h e  p r o b l e m  is t o  s h o w  t h a t  s o l a r  p r e s s u r e  c a u s e s  
t o r q u e   i n   t h e   p r o p e r   d i r e c t i o n   t o   p r e c e s s   t h e   a x i s  of t h e   s p a c e c r a f t   i n   t h e  
d i r ec t ion  tha t  r emoves  the  t i l t .  No te  the  e f f ec t  of the t i l t  on  the  amount  
of vane  a rea  exposed  to  the  sun l igh t .  In  pa r t i cu la r ,no te  in  the  f ron t  v i ew 
tha t  the  back  vane  a t  the  bot tom is more  than  ha l f  shaded ,  wh i l e  t he  back  
vane  a t  t he  top  of the view is  less  than  ha l f  shaded ,  a s  a r e s u l t  of the 
t i l t .  T h e r e f o r e ,  t h e r e  is a n e t  e x c e s s  of so l a r  p re s su re  on  the  top  ha l f  
of the  spacecraf t ,  v \ ,h ich  by  the  r igh t  hand  ru le  causes  a ne t  t o rque  
vec to r  po in t ing  to  the  l e f t  a s  i l l u s t r a t ed .  When  the  sa t e l l i t e  i s  sp inn ing  
in  the  d i rec t . ion  ind ica ted ,  th i s  to rque  i s  in  the  proper  d i rec t ion  to  precess  
the sp in  a x i s  a n d  r e m o v e  t h e  t i l t ,  a s  i n d i c a t e d  i n  t h e  s m a l l  v e c t o r  d i a g r a m  
i n   t h e   s a m e   f i g u r e .  
T h e   b a s i c   e q u a t i o n   f o r   p r e c e s s i o n   u n d e r   t o r q u e  i s  
” 
N = d L / d t  e L , 
3 
w h e r e  L i s  the a n g u l a r   m o m e n l u m   v e c t o r   a n d  N is   thc   torque.  When 
t h e  t o r q u c  a n d  t h e  a n g u l a r  n l o m e n t u m  v e c t o r s  a r e  p e r p e n d i c u l a r ,  a s  
t h e y  a r e  i n  t h i s  c a s c ,  t h e n  
3 3 
= N I L  = N / I w ,  
w h e r e  R is the  angular  ve loc i ty  of p r e c e s s i o n ,  i. e . ,  t he  chang ing  
d i r e c t i o n  of the s p i n  a x i s ,  I i s  t he  moment  of i n e r t i a ,  a n d  U) is the 
s p i n  r a t e .  The t o r q u e  t h a t  r e s u l t s  f r o m  l o t a l  r e f l c c t i o n  a t  n o r m a l  
inc idence  i s  g iven  by 
N = 2 r F  a / c  , ( 3 3 )  
w h e r e  a (a  func t ion  of the t i l t  a n g l e )  i s  t h e  a r e a  i m b a l a n c e  b e t w e e n  t h e  
top  and  bot tom ha lves  of the  f ront  face ,  r i s  t h e  a v e r a g e  v e r t i c a l  
m o m e n t  a r m  of t h e  a r e a  a , c i s  t he  ve loc i ty  of l ight ,  F i s  t h e  s o l a r  
cons tan t ,  I .  35 k w / m  a t  1 a. u. , and  the  f ac to r  of two c o m e s  f r o m  t h e  
a s s u m p t i o n  of t o t a l   no rma l   r e f l ec t ion .  
2 
W h e n  t h e  s p a c e c r a f t  i s  i n  a 3 1 4  y e a r  o r b i t ,  i t  sees  the dirccLion of 
the  Sun changing  a t  the  ra tes  
Fls = 4. 3 5  X r a d / s e c   a t   p e r i g e e ,  
Fls = 1. 7 X lo-.‘  r a d / s e c   a t   a p o g e e .  
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T h e s e  r a t e s  set  an  uppe r  l imi t :  on  the  sp in  r a t e  w ,  s ince  the  to rque  
is  insuf f ic ien t  to Iccep u p  w i t h  t h e  s u m  i f  w i s  t o o  l a r g e  [Eq.(32)]. 
In  the  s t eady  s t a t e  cond i t ion  in  wh ich  the  spacec ra f t  is locked  onto  the  
s u n  d i r e c t i o n  a n d  is following i t  s t ead i ly ,  a s m a l l  l a g  a n g l e  8 deve lops  
be tween  the  spacec ra f t  ax i s  and  the  Sun ' s  d i r e c t i o n ,  s i n c e  t h e  l a t t e r  
i s  changing  a1 t he  r a t e  0 . In the following we d e r i v e  a n  e x p r e s s i o n  
f o r  8 a s  a funct ion of W ,  and  then  note   that   the   spin w i s  too l a r g e  
when the  lag  angle  8 is e x c e s s i v e .  
S 
In  th i s  s l eady  s t a t e  we  have  R = R a n d  Eqs. ( 2 )  and (3 )  give 
s '  
= a = - " -  2 1-Fa 
S c Iw (34 )  
N e x t  w e  e x p r e s s  a i n  t e r m s  of e . Using  the  geometry  in  F ig .  54 
g ives  
a = 2zb0 , (35)  
w h e r e  z is the  d is tance  be tween the  f r o n t  and  back  s e t s  of vanes  
m e a s u r e d  f r o m  the  p lane  pass ing  t h r o u g h  t h e  c e n t e r s  of e a c h  s e t ,  , b 
is  the length oi e a c h  of the back  vanes  in  the  r ad ia l  d i r ec t ion ,  and  8 
i s  the  lag  angle  in  ques t ion .  El imina t ing  a be tween the  above  equal ions  
and   so lv ing  fo r  e g ives  
e 
" " 
w - 2Fr 2zb  
Let us  a s sume  the  fo l lo \ \ , i ng  r easonab le  va lues  fo r  I h e  p a r a m e t e r s  
on the  r igh t  s i d e  of Eq. (36)  
z = 20 c m  (8") 
b = 20 c m  (S" )  
2 
I = 0. 45  k g  m (e .  g. , 44 Ibs. at  a 6" r a d i u s  of gy ra t ion )  
r = 3 5  c m , (  = 13. 8") 
and   thc   va lues   above   for  R and F a1   apogee  and pe r igee .  Now the 
eva lua t ion  of Eq. (36) g ives  
S 
0 / ~ =  1. 86 d e g l r p m  , ( 3 7 )  
132 
independent  of t h e  s p a c e c r a f t ' s  p o s i t i o n  i n  o r b i t .  T h i s  is b e c a u s e  b o t h  
F and lis in  Eq. ( 3 6 )  v a r y  i n v e r s e l y  w i t h  t h e  s q u a r e  of t h e  d i s t a n c e  f r o m  
the Sun, and so  t h e  t w o  i n v e r s e  s q u a r e  d e p e n d e n c i e s  c a n c e l  o u t .  F r o m  
Eq. (37) i t  is c l e a r  t h a t  s p i n  r a t e s  a s  high as  1 to  2 r p m   a r e   p e r m i s s i b l e  
b e c a u s e   t h e s e   a l l o w  a r e a s o n a b l y   s m a l l   l a g   a n g l e  of only 1. 9 to  3. 7 d e g r e e s .  
T h e   d y n a m i c   r a n g e  of p r e f e r r e d   s p i n  rates is f r o m   a b o u t  0. 1 t o  2 r p m   f o r  
t he  d imens ions  a s sumed .  
A s  d e s c r i b e d   a b o v e , t h e   a t t i t u d e   c o n t r o l   s c h e m e   a p p e a r s   t o   b e   c o m -  
p l e t e l y  p a s s i v e .  H o w e v e r ,  w e  t a c i t l y  a s s u m e d  t h a t  the vanes  have  exac t ly  
ze ro  p rope l l e r  p i t ch .  An  inves t iga t ion  of the effect  of v e r y  small  r e s i d u a l  
p rope l l e r  p i t ch  shows  tha t  t he  e f f ec t  is s t rong  enough tha t  the  ro l l  c o m p o -  
nent  o i  t o rque  mus t  be  t aken  in to  accoun t .  The  sp in  r a t e  of the satel l . i tc  
w i l l   a c c e l e r a t e   o r   d e c e l e r a t e   i n   p r o p o r t i o n   t o   t h e   r o l l   c o m p o n e n t  N : . .  r 
L = W I  = N r ,  and  
N = 2arF A j c  , 
w h e r e  a is the  ave rage  r e s idua l  p i t ch  ang le ,  A i s  t h e  s u n l i t  a r e a  of 
t he  vanes ,  and  r is t h e  a v e r a g e  m o m e n t  a r m  of A , a s s u m e d  t h e  same 
a s  t h e  m o m e n t  a r m  of a . The t ime  r equ i r ed  to  s top  the  sp in  (o r  doub lc  
i t  depending  on the  s ign  of a) i s  g iven  by 
1' = I w / N , .  ( 3 9 )  
W e  h a v e  c a l c u l a t e d  t h e  t i m e  T us ing  the following 
2 
A = 20 X 2 5 -  c m  vane  X 4 vanes  = 0. 2 m 
2 
w = 1. 0 r p m  0 a = 3 = 0.  0 5  r a d  I 
T h e  r e s u l t  i s  T = 16. 6 days .  Th i s  means  tha t  a r e s idua l  p rope l l e r  p i t ch  
a s  l a r g e  a s  t h e  a s s u m e d  3 O  r e q u i r e s  s o m e  c o r i - e c t i o n  t o  t h e  s p i n  r a t e  
a b o u t   o n c e   e v e r y   w e e k   o r   t w o .  
F o r t u n a t e l y ,  t h e r e  is a v e r y   s i m p l e   a n d   c o m p l e t e l y   p a s s i v e   w a y  
to   con t ro l   t he   sp in   r a t e   by  a small  a m o u n t  o i  bend   i n   each  of t he   back  
v a n c s .  R e c a l l  thaL t h e s e  vanes a r e  o n  t h e  a v e r a g e  h a l f  s h a d c d  a n d  half 
sunl i t  when the  sa te l l i t e  is s t ead i ly  t r ack ing  the  Sun. F o r  s p i n  c o n t r o l  
we  g ive  Lhe s u n l i t   h a l v e s   a ' v e r y   s l i g h t   p o s i t i v e   p r o p e l l e r   p i t c h   t o   i n c r e a s e  
the  sp in  r a t e ,  and  the  shadcd  ha lves  a much  l a rge r  nega t ive  p i t ch .  Th i s  
combina t ion  ac ts  to  cont ro l  the  sp in  ra te  in  the  fo l louving  way.  When 
w is too  h igh ,  t he  p recess ion  r a t e  9 [Eq.(3Z) ] wil l  be  too  low to keep  
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up  wi th  the  Sun .  Th i s  means  tha t  t he  sp in  axis of the  c raf t  wi l l  l ag  behind  
the Sun by  an  ang le  6 that  i s  l a r g e r  t h a n  n o r m a l .  Now t h e  i n c r e a s e d  
l ag   ang le   l e t s  the Sun i l lumina te  some of thc  por t ion  of the  back  vanes  
that  is n o r m a l l y   s h a d e d ;   s c e   t h e   u p p e r   v a n e s   i n   t h e   i r o n t   v i e w  of F ig .  5 4 .  
Then  the  sun l igh t  s t r i l ce s  the  pa r t  w i th  the  l a rge  p i t ch  tha t  slows the  sp in  
a n d  r e s t o r e s  i t s  n o r m a l  r a t e .  C o n v e r s e l y ,  i f  the  sp in  is  too  s low the 
sa t e l l i t e  po in t s  c lose r  t o  the  Sun and the only exposed s u r f a c e s   a r e   t h o s e  
wh ich  have  the  p i t ch  to  inc rease  the  sp in  r a t e .  Pe rhaps  o the r  means  of 
pass ive  sp in  cont ro l  can  be  devised  by aIlo\ving l i g h t  f rom the  back  vanes  
to  re f lec t  aga ins t  the  back  s ide  of t he  f ron t  vanes .  
A n   i m p o r t a n t   f e a t u r e  of t h i s   f o r m  of pass ive  s tab i . l i za t ion  i s  tha t  
i t  a l l o w s  o n e  t o  m o n i t o r  v a r i a t i o n s  i n  t h e  s o l a r  p r e s s u r e .  I n  the b r i e f  
h i s t o r y  of precis ion t raclcing of s a t e l l i t e s  a n d  s p a c e  p r o b e s ,  t h e r e  h a s  
been a g r e a t   d c a l  of s c i e n t i f i c   f a l l o u t   f r o m   t h e   p r e c i s e   o r b i t   d e t e r m i n a -  
t ions .  Wi th  spacecraf t  tha t  do  not  employ  gas  je t s  for  ac t ive  a t t i tude  
c o n t r o l ,  e x p e r i e n c e  has s h o n ~ n  t h a t  t h e  l a r g e s t  e r r o r  i n  o r b i t  d e t e r m i n a -  
t io l l . i s  that c a u s e d  by t he   unce r t a in ty   and   changes   i n   t he   so l a r   p re s su re .  
W i t h  t h e  p a s s i v e  s t a b i l i z a t i o n  s c h e m e  d e s c r i b e d  h e r e ,  a n  i n c r e a s e  i n  
s o l a r  p r e s s u r e  w i l l  c a u s e  a n  i . n c r e a s e  i n  t h e  r e s t o r i n g  t o r q u e .  The 
t o r q u e  i n  t u r n  r e d u c e s  8 ,  the angle  by wh ich  the  ro l l  ax i s  l ags  the Sun; 
s c e  E q .  (36)  . Conver se ly ,  a d e c r e a s e  i n  s o l a r  p r e s s u r e  c a u s e s  a n  
increase  in  the  lag  angle .  Therefore ,  by  umoni tor ing  8 with a s m a l l  
s u n   s e n s o r  one h a s  a m e a n s  f o r  m o n i t o r i n g  c h a n g c s  i n  t h e  s o l a r  p r e s s u r e .  
F r o m   t h e   p o i n t  of view of t he   spacec ra f t   t he   Sun   w i l l   appea r  to 
n love  a round i ts  a x i s  i n  a s m a l l  c o n e  of half angle  8, w h i c h  m a y  o r  
m a y  no t  cxceed  the  angu la r  d i ame te r  of t he  d i sc .  In e i the r  even t  a few 
s i m p l e  l i g h t  s e n s o r s  b e h i n d  o n e  o r  m o r e  small  a p e r t u r e s  w i l l  p r o v i d e  
m e a n s  t o  m o n i t o r  0 prec i sc ly .  Suppose  the sp in  r a t e  i s  ad jus t ed  to  
about  1 r p m  s o  that  the lag angle  equals  about  Z 0 .  Then i t  would be 
d e s i r a b l e  to mon i to r  and  t e l eme te r  t he  l ag  ang le  wi th  an  accu racy  of 
about  1 minute  of a r c ,  s i n c e  t h i s  r e p r e s e n t s  1 / 1 2 O  of the to[:al lag angle ,  
The s o l a r  p r e s s u r e  i s  k n o w n  t o  f l u c t u a t e  a b o u t  l O q b ,  and so  t h i s  p e r m i t s  
m e a s u r e m e n t  of about 1 pa r t  i n  12  of the  f luc tua t ing  component .  
Sun  Acquis i t ion 
S o  f a r  we have   d i scussed  o n l y  t h e   s t e a d y   s t a l e   p r c c e s s i o n  b y  which 
the  spacecraf t  fo l lows  the  sun. Next  cons ide r  t he  spacec ra f t . ' ~  cond i . t i on  
a t  l aunch  and  the  p rob lem of turn ing  i t  toward  the  Sun so  tha t  the  pass ivc  
a t t i t ude  con t ro l  sys t em wi l l  l ock  on. A t  t h e  m o m e n t  of in jec l ion  the 
spaccc ra f t  i s  po in t ed  rough ly  90° f r o m  the S u n  and  is  spinning at a r a t e  
betLvcen 140 and 180 rpm.  S o  t he  p rob lcm fa l l s  na tu ra l ly  in to  two p a r t s ,  
f i r s t  rcc luc ing  thc  sp in  ra te  by a factor  of  100 to 200 ,  a n d  s e c o n d  p r e c e s s i n g  
the sa t e l l i t e  t111-ough an a r c  of about  90°. 
:%tout U s e r ' s  M a n u a l  
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Undoub ted ly   mos t  of t h e   s p i n   w i l l   b e   r e m o v e d   b y   t h e   n o w - s t a n d a r d  
y o - y o   d e s p i n   u n e c h a n i s m   i l l u s t r a t e d   i n   t h e   l o w e r   p a r t  of the fi .gure on 
the  fo l lowing  pagc .  However ,  i t  is r i s k y  t o  r e m o v e  99970 o r  m o r e  of the 
s p i n  i n  a s i n g l e  s t a g e  d c s p i n  m e c h a n i s m .  A small c r r o r  in the length  
of t h e   w i r e   o r   t h e   r e l e a s e  of one of the  two weights  before  the  o ther  
c o u l d  c a u s e  a s e r i o u s  e r r o r  i n  t h e  a m o u n t  of f ina l  sp in .  More  impor t an t  
is the  behavior  of t h e   d c s p i n   m e c h a n i s m   w h e n   t h e   a n g u l a r   v e l o c i t y   v e c t o r  
does  no t  co inc ide  exac t ly  wi th  the  p r inc ipa l  ax i s  of i n e r t i a   i n   t h e   s p a c e -  
c raf t .  In t h i s  c a s e  t h e  m o t i o n  of the body is n o t  a s imple  sp in  bu t  a 
wobbly type of p r e c e s s i o n a l  m o v e m c n t  ( r a t h e r  l i k c  a sp inning  co in  about  
t o  s top  on a f l a t  s u r f a c e ) .  T o  the  bcs t  of our  Icnowledge no one has  
a n a l y z e d  t h e  y o - y o  d e s p i n  ~ n e c h a n i s m  u n d e r  these condi t ions ,  and  such  
an  ana lys i s  wou ld  be  wc l l  wor thwhi l e  s ince  t . h i s  1nechan i sm i s  u sed  
i r o m  time to  t ime in  var ious  spacecraf t .  When the  c raf t  i s  p recess ing ,  
the  movemcnl  of t h e   w i r c s   w i l l  be c o m p l i c a ~ e d   w i t h   w a v e s   p r o p a g a t i n g  
down tile w i r e s  to  the  ~vc igh t s  on the end and reflecti .ng back. 
However ,  t he  sa fe  and  conse rva t ive  way  t o  i n s u r e  t h e  p r o p e r  
iunc t ion ing  of the  desp in  n lechanjsun  i s  to avoid  thc  i ssue  by  f i r s t  i n s u r i n g  
t h a t  t h e  c r a f t  r o t a t e s  a b o u t  i ts  p r inc ipa l  ax i s .  Rcca l l  t ha t  a non- r ig id  
body wi l l  u l t imate ly  ro ta te  on ly  about  i t s  a x i s  of n>axinluun iner t ia l  
moment, and s o  the  spacec ra f t  shou ld  be  equ ipped  \v i lh  sma l l  non- r ig id  
p a r t s  t h a t  d i s s i p a t e  e n e r g y  a s   r a p i d l y  a s  poss ib le  to  speccl i h e  s p a c e -  
c r a f t ' s  a p p r o a c h  t o  i t s  u l t imate  condi t ion ,  sp inning  about  h e  ro l l  ax i s .  
T o  accon lp t i sh  [:his we recommend tha t  ( .he  yo-yo  despin  be  preceeded  
by  a f i r s t   s t a g e  of d c s p i n  a s  i l l u s l r a t e d  i n  t h c  L-op por t ion  of F i g .  55 . 
T h i s  p a r t i c u l a r  s c h e m e  w a s  d e v i s e d  to ach ieve  t\vo b e n e f i t s .  F i r s t ,  i t  
p rov ides  a d i ss ipa t ion  tha t  w i l l  d a l n p  out  the precessional  rnoven2cnl '  a s  
d i scussed  abovc ,  and  sccond  i t  reunoves a l a r g e  f r a c t i o n  of the in i t ia l  sp in  
s o  that  Lhc yo -yo  docs  not  have to  ren2ovc qui te  such a l a r g e  p e r c e n t a g e  
of t h e  s p i n ;  a n d  t h e r e f o r e ,  i t s  t o l e r a n c c s  a r e  n o t  s o  c r i t i c a l .  U n l i k e  the 
yo-yo the f i r s t  s t age  dcsp in  docs  no t  a l low t h c   w i r e s   t o   s p i n   f r e e   a n d  
then  auLomat ica l Iy  come off of t he  c ra f t .  In s t ead  [.he w i r e s  r c e l  o u t  
s lowly   and  a r e  no1 r e l e a s e d   u n t i l  l ong  a f t e r   . t h e   \ s i r e s   a n d   s p a c e c r a f t   a r e  
r o t a t i n g  a s  t h o u g h  t h e y  w e r e  a s ingle  r igid body in  the s t e a d y  s t a t e  COII-  
d i t i o n .  T h e  d i s s i p a t i v e  c o m p o n e n t  i s  t h e  l o s s y  e l a s t i c  t n e n ~ b ~ . a n e  l a b e l e d  
i n  t h e  f i g u r e .  T h e  p r e c e s s i o n a l  m o v e m e n t  d a m p s  o u t  b e c a u s e  i t  w o r k s  
t h e   m e m b r a n e   b a c k   a n d   f o r t h   a g a i n s t   t h e   t e n s i o n  in  the  wires ,  which  a r e  
e x t e n d e d  u n d e r  c e n t r i f u g a l  f o r c e .  T h e e l a s t i c  c o n s t a n t s  of t h e  m e m b r a n e  
m a y  be s e l e c t e d  f o r  p r o p e r  i m p e d e n c e  m a t c h i n g  so tha t  l he  p recess ion  
d a m p s  as  r a p i d l y  a s  p o s s i b l e .  T h e  f i r s t  s t a g e  d e s p i n  is less effici.cnt than 
t h e  y o - y o  m e c h a n i s m ;  i n  p a r t i c u l a r  i t  c a n n o t  s t o p  o r  r e v e r s e  t h e  s p i n .  
However ,  th i s  i s  of m i n o r  c o n c e r n ,  s i n c e  i ts  m a i n  f u n c t i o n  i s  t o  e n s u r e  
t h a t  t h e  c r a f t  i s  n o t  p r e c c s s i n g  w h e n  t h e  y o - y o  w c i g h t s  r e l e a s e .  T h e  
f o r m u l a  f o r  t h e  f i r s t  s t a g e  d e s p i n  i s  given on the figure.  
T h e r e  a r e  i n n u m e r a b l e   w a y s   i n   w h i c h   t w o   s e t s  of d e s p i n   w i r e s   a n d  
two sets  of s o l a r  v a n e s  c a n  b e c o m e  e n t a n g l e d .  T h e r e f o r e ,  w e  s u g g e s t  a 
launch   conf igura t ion   in   which   the   vanes  a r e  in i t ia l ly   fo lded   and   the  
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s p a c e c r a i t  is enc losed   i n  a cy l indr ica l   conta j .ner   wi th  Lhc two-s l age  
desp in  mechan i sms  on  the o u t s i d e  o f  t h e  c o n t a i n e r .  n i t e r  i n j e c t i o n  t h e  
fol lowing sequence then takes  place.  The f i r s t  s t a g e  d e s p i n  w i r e s  
ex tend  and  p len ty  o i  t i m e  is a l . l owed   fo r   t he   p rccess ion   t o   damp ,   days  
ii  n e c e s s a r y .  N e x t  t h e  fi.rst s t a g e  w i r e s  a r e  r e l e a s e d  f o l l o w e d  q u i c k l y  
by the y o - y o  w i r e s .  T h i s  d r o p s  t h e  s p i n  r a t e  l o  the  range  of 1 / 2  to 2 
r p m .  In this condition a s u i t a b l e  s p r i n g  l o a d e d  m e c h a n i s m  is ac t iva t ed  
to  push the payload out  of i ts  conta iner  and  ex tend  the  va r ious   vanes   i n  
a scquence  ca re fu l ly  p l anned  to  p reven t  t hem f rom snagg ing  one  ano thc r .  
T h i s  l e a v e s  t h e  s p a c e c r a f t  i n  a condi t ion that  is r e a d y  to t r ack  the  Sun  
a s  soon a s  i t  po in ts  a t  the  Sun,  a l though in i t ia l ly  i t  points  in the  wrong  
d i r ec t ion .  
Sun  acquis i t ion  probably  requi res  ac t ive  cont ro l  of the  p i tch  
of thc vanes  12y m e a n s  of a n   e l e c t r i c  motor, wI1ich wi l i  no t  be used  
a f te r  thc arql l is i t jo11 phase.  Fig.  56 is a view that  \r,ould be  secn  by 
a n  o b s e r v e r  a t  t h e  Sun. I t  shows  the pi tch of t he  vanes  r equ i r ed  to 
p r e c e s s  t h e  s p a c e c r a f t  to\vard the  Sun. This  f igul-c  is a bi t  d i i f icu l t  
to  v i sua l i ze ;  the pi tch is like tha t  of a fan b l o w i n g  a i r  to thc  r igh t .  
T h c  pi tch is s u f f i c i c n t l y  g r e a t  t h a t  t h c  b a c k  s i d e s  of tlle t.wo v a n c s  a t  
the bot tom of the f i g u r e  a r e  exposed to the s u n l i g h t ,  whi le  the f r o n t s  
of t he  o the r  vanes  a r e  su l l l i t .  The  va r ious  vec to r s  fo r  s u n  r a y s ,  f o r c e ,  
angu la r  monlentwm and  to rque  a re  se l f - exp lana to ry  when  the X nlarlcs 
a r c   i n t e r p r e t e d  a s  vec to r s  po in t ing  int.0 the plane o i  the p a p c r ,   a n d  a 
c i r c l e d  d o t  is  i n t e r p r c t c d  as a vec to r  point.ing out of t he  pape r .  A s  
t h e  s p i n   a x i s   p r e c e s s e s  t o w a r d  the  Sun it is necessary to  a d j u s t  thc 
p i t ch  of the vanes  in s t an taneous ly  a t  t he  bo t tom of thc  f igure ,  and  thc  
f r o n t   s i d e  of t he  vanes  a t  t hc  top  of t he  f igu re .  
When the ax is  f ina l ly  poin ts  c lose  cnough to  Lhe Sun, the front s e t  
of vancs  wi l l  shade  a s igni f icant  por t ion  of t hc  back  se t  of vanes.  Then 
the  ac t ivc  cont ro l  of the pitch i s  no  longer  needed ,  and Lhe v a n e s  m a y  h e  
set  and le f t  i n  t he i r  s t eady  s t a t e  cond i t ion  wi th  nomina l ly  zc ro  p i t ch  0 1 1  
the  f ront  ones .  A m o r e  d e t a i l e d  s t u d y  of lh i s  sun acqu i s i t i on  sys t em i s  
n e e d e d ,  b u t  f r o m  t h e  p r e s e n t  p r e l i m i n a r y  r e s u l t s  i t  s e e m s  tha t  ac l ive  
c o n t r o l  of a s ing le  va r i ab le  w i l l  suf f ice ,  namely  the  p i tch  angle  of a l l  
v a n e s ,   w h i c h   m a y  be gea red  toge the r  t o  change  p i t ch  when  d r iven  by  a 
s i n g l e  m o t o r .  W e  e m p h a s i z e  that t h i s  m o t o r  w i l l  n c v e r  b c  u s e d  a f t e r  
sun  acqu i s i t i on  and  s o  i t s  l i fe  i s  no t  a fac tor  in  the  longevi ty  of the 
s p a c e c r a f t .  
Compar i son   t o   O the r   A t t i t ude   Con t ro l   Schemes  
We a r e   a w a r e  of on ly  two  o the r  a t t i t ude  con t ro l  s chemes  wh ich  have  
becn   sugges t ed   and   pa r t i a l ly   ana lyzed   i n  t h e  c o u r s e  of MIT  Sunb laze r  
s tud ies .  In th i s  subsec t ion  we show evidence that our Lechnique is 
s u p c r i o r  t o  b o t h  of t h e s e .  The f i r s t  w o u l d  e m p l o y  a c t i v e  a t t i t u d e  c o n t r o l  
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of a s p i n n i n g  s p a c e c r a f t .  T h e  s c h e m e  r e s e m b l e s  o u r s  e x c e p l  t h a t  t h e r e  
is only one set  of vanes  and  no  pa r t i a l  shad ing .  The  spacec ra f t  wou ld  
mon i to r  t he  l ag  angle 9 to  the Sun,  and  when 9 e x c e e d s  s o m e  t h r e s l ~ o l d ,  
t h e   c r a f t   a u t o m a t i c a l l y   a d j u s t s   t h c   p i t c h  of the  vanes  in  a manner   t ha t  
p r e c e s s e s  t h e  s p i n  a x i s  t o w a r d  t h e  S u n .  T h e  m a i n  p r o b l e m  w i t h  t h i s  
s c h e m e   m a y  be s e e n  by  r e f e r r i n g   t o   F i g .  5 4  and imagin ing  tha t  the  back  
v a n e s  a r e  m i s s i n g .  C o n s i d e r  t h e  t w o  v a n e s  a t  t h e  t o p  a n d  b o t t o m  of the 
f r o n t  v i e w .  T h e  r e q u i r e d  c o n t r o l  m u s t  c a u s e  t h e  s o l a r  p r e s s u r e  i n t o  
the plane of the  p a p e r  to  he grealer  on the top vane than on tlle bo t tom one. 
T h e r e f o r e  e a c h  v a n e  h a s  at leas t  two or ien ta t ions ,  one  wi th  la rge  and  one 
w i t h  s m a l l  p r o j e c t e d  a rea .  B u t  t h e s e  v a n e s  a r e  c o n t i n u o u s l y  t r a d i n g  p l a c c s  
a s  the s p a c e c r a f t  r o t a t e s ,  a n d  s o  t he  ac t ive  con t ro l  mechan i sux  mus t  t i l t  
e a c h   v a n e  f r o m  one  pos i t i on  to  the  o the r  a t  least. tw ice  each  r evo lu t ion  of 
t he  spacec ra f t .  Tha t  is, each  vane  pos i t ion  cyc les  a t  a r a t e  o n  t h e  o r d c r  
of once  o r  twice  p e r  minutc.  Note t11a1- th i s  a t t i tude  cont ro l  system 
r c s e m b l e s  t h a t  of a he l i cop te r .  C lea r ly  a m o t o r  p r o d u c i n g  t h i s  m u c h  
movemen t  yea r  i n  and  yea r  ou t  i s  a lial.,iJi!;y to thc life of thc  spacecraf t - .  
M o r e o v e r ,  a s  the  vancs  nlovc, t h e  s o l a r  p r e s s u r c  o n  t h e  s p a c e c r a f t  as  
a whole  i s  cons tan t ly  changing  in  a m a n n e r  that- would makc i [  p r a c t i c a l l y  
imposs i l s l e  t o  accu ra t e ly  e s t ima le  the  e f fec ts  of so l a r  p re s su re  on  ( -he  
orb i t .  Hence  prec is iL3n orb i t  de te rmina t ion  i s  sacr i f iced  in  th i s  a l t i tude  
c o n t r o l  s c h e m e .  
The  on ly  o the r  a t t i t ude  con t ro l  sys t em of w h i c h   w e   a r e   a w a r e  is 
those  tha t  would  e l imina te  sp in  s ta l s i l i za t ion  and  or ien t  the  spacecraf t  
toward the Sun in  the  m a n n e r   t h a t  a wcather  vane  poin ts  in to  thc  wind .  
I n  o t h e r  w o r d s  t h i s  s c h e m e  e m p l o y s  s o m e  f o r m  oi s a i l  o r  ta i l  behind 
the  spacec ra f t .  The t a i l  wou ld  have  to  employ  some  fo rm of diss i .pat ivc 
movement ,  s ince ,  l ike  a pcnduluun, Lhe mot ion  to \ \ . a rd  equ i l i l~ r ium i s  
governed by a seco l ld  o rde r  differential equat ion  and  the  spacecraf t  wi l l  
swing  pas t  the equ i l ib r ium  pos i t i on  o v e r  and   ove r   i n   an   o sc i . l l a t i on   t ha t  
m u s t  h e  d a m p e d .  By con t r a s t  t he  sp inn ing  sys t ems  en joy  an  impor t an t  
advan tage :  t he i r  a t t i t ude  con t ro l .  is governed by a f i rs t  o r d e r  d i f f e r e n t i a l  
equat ion;  i. e.  , Eq.  ( 1 )  involves  a f i rs t  r a t h e r  t h a n  a second  de r iva t ive  
wi th  r e spec t  t o  t i rne .  Th i s  means  tha t  t he  r e s to r ing  mot ion ,  t he  p re -  
c e s s i o n  of t h e  a x i s ,  s t o p s  d e a d  i n  i t s  t r a c k s  the unoment the torque 
van i shes  a t  t he  equ i l ib r ium pos i t i on  in  wh ich  thc  spacec ra f t ' s  ax i s  
p o i n t s  d i r e c t l y  a t  the Sun.  The motion exhibi ts  n o  tendency  to  c o a s t  p a s t  
equ i l ib r ium as  i s  the  case  wi th  the  wea the r -vane  s t ab i l i za t ion .  
The r e a l l y   s e v e r e   p r o b l e m   f o r   t h e   n o n s p i . n n i n g   s y s t e m  is  how to 
m a i n t a i n  z e r o  s p i n  f o r  a long per iod of ti'me oncc  i t  has  been  ach ievcd .  
S m a l l  e r r o r s  i n  t h e  s h a p c  a n d  r e f l e c t i v i t y  of v a r i o u s  p a r t s  of t h e  s p a c e -  
c ra f t  w i l l  have  the e f fec t  of a r e s i d u a l   p r o p e l l e r   p i t c h   a n d   w i l l   c a u s e  
t h e  s p a c e c r a f t  t o  s p i n  u p  s lowly  in one  d i r ec t ion  o r  t he  o thc r .  The  m a x i -  
m u m   a m o u n t  of r e s idua l  sp in  tha t  is to l e rab le  be fo re  the  spacec ra f t  
beg ins  to be  sp in  s t ab i l i zed  and  ceases  to func t ion  a s  a wea thc r  vane  is 
g iven   by  
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where  I is the  moment of i n e r t i a  a11ouL axes perpcndicula l -  to  the  ro l l  
axis, a n d  enlax is t h e  m a x i r n u n l  a n g u l a r  a c c e l e r a t i o n  of t h e  s p a c e c r a f t  
a s  i t  e x e c u t e s  i t s  p e n d u l u m  unoLion about  Lhe equi l ibr ium posi t ion.  With 
a r e a s o n a b l e  s e t  of a s s u m p t i o n s  a b o u t  the s p a c e c r a f t  t h e  r i g h t  s i d e  of 
th i s  inequal i ty  was eva lua ted  a s  0.  066 r p m .  T h i s  i s  a n  o r d e r  of magn i tude  
m o r e   s e v e r e   l i m i t a t i o n   t h a n   t h e   t o l e r a n c e   d i s c u s s e d   a b o v e   f o r  a sp inning  
s p a c e c r a f t .  
The  nonsp inn ing  o r  wea the r -vane  conf igu ra t ion  f aces  fu r the r  com-  
p l i ca t ions ,  s ince  a r a t i o  of i h c r t i a l  m o m e n t s  s u i t a b l e  f o r  clespin is not  
s u i t a b l e  i n  t h e  s k a d y  s t a l e .  R e c a l l  that the  ro l l .  moment  should  be  the  
l a r g e s t  of t he  th ree  du r ing  p recess i . on  damping  and  desp in .  However, 
w h e n  t h e  t a i l  ( s a i l )  is dep loyed ,  t he  o the r  moment s  a r e  l ike ly  to  be  
l a r g e r ,  s a y  I / I  = 3 . T h i s  m e a n s  t h a t  t h e  tail m u s t  b e  d e p l o y e d  af ter  
desp in ,  espec i .a l ly  s ince  the  ta i l  inc ludes  s o m e  f o r m  of dampi.ng. T h u s  
thc  sun  acqu i s i t i on  s e q u e n c e  f o r   t h e   w e a t h e r - v a n e   c o n f i g u r a t i o n   i s   a b o u t  
a s  c o m p l e x  a s  unfo ld ing  the  vanes  for  a sp inn ing  a t t i t ude  con t ro l  sys t em;  
a l t h o u g h   i t   m a y   s e e m   s i m p l e r  at  f i rs t  thought. 
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A f ina l  and  impor t an t  d i sadvan tage  of t he  nonsp inn ing  sys t em i s  
t hc  f ac t  l ha t  t he  angu la r  pos i t i on  of t he  c ra f t  abou t  i ts  r o l l   a x i s  is i n d e t e r -  
m i n a t e .  T h i s  i m p l i e s  a n  u n k n o w n  o r i e n t a t i o n  of v a r i o u s  s e n s o r s  o r  
e x p e r i m e n t s  i n  t h e  s p a c e c r a f t  t h a t  m a y  b e  m e a s u r i n g  a n i s o t r o p i c  p r o p e r t i e s  
of t h e  i n t e r p l a n e t a r y  m e d i u m ,  o r  F a r a d a y  r o t - a t i o n  of t he  po la r i za t ion  of 
a r ad io  s igna l  i n  t h e  s o l a r  p r o b e  c a s e .  In its equi l ibr ium pos i t ion  the  
nonsp inn ing  spacec ra f t  i s  po in t ed  d i r ec t ly  at  l hc  c e n t e r  of t h e  S u n ' s  d i s c ,  
s o  a s u n  s e n s o r  is of no vaI .ue in  determining the rol l  angle .  Even in  
m i s s i o n s   w i t h o u t   F a r a d a y   r o t a t i o n   t h e   p o l a r i z a t i o n   a n g l e  of a l i n e a r l y  
polari7,ed signal has l i t t l e  va lue  a s  a r o l l  a n g l e  i n d i c a t o r ,  b e c a u s e  this 
ang le  i s  ambiguous  by  180°. By ' cont ras t  thc  ax is  of  a s p i n n i n g  s p a c e -  
c ra f t  a lways  l ags  beh ind  the  chang ihg  angu la r  pos i t i on  of the Sun by the 
ang le  8 of Eqs. ( 3 6 )  and  (37j. In  tha t  case  a s o l a r  s e n s o r  m a y  be u s e d  
t o  r e a d  a p p a r e n t  s u n  p o s i t i o n ,  f r o m  w h i c h  a l o g i c  c i r c u i t  d e t e r m i n e s  
a n d   t e l e m e t e r s  the information on instantaneous or ientat ion aboul .  the 
r o l l  axis. 
A sp in - s t ab i l i zed  spacec ra f t  cou ld  even  employ  a h i g h - g a i n  t r a n s -  
mitt ing antenna on the telemetry downlink' : : ,  provided that communicaLions 
on a shorL duty  cyc le  once  e a c h  r o t a t i o n  i s  a c c e p t a b l e .  T o  l h e  c r a f t ,  t h e  
l i n e - o f - s i r h t   t o   E a r t h   a p p e a r s   t o   m o v e   i n  a c o n e   a b o u t   i t s   a x i s   ( l i k e  
s t a r s  abou t  t he  Nor th  S ta r ) .  An  an tenna  
angle of this  cone wil l  point  a t  t h e   E a r t h  
- " 
cocked  off a x i s  by Lhe half-  
once  each  ro ta t ion .  
:::13igh ga in  is n o t  n e c e s s a r y  o r  d e s i r a b l e  f o r  the upl ink.  
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RECOMMENDED MZSSION 
T h e   r e c o m m e n d e d   m i s s i o n  is  one  employing  S and   X-band   u ]~ l inks  
o v e r   a n   e x t e n d e d   p e r i o d  of t i m e ,  i. e. , y e a r s ,   a n d   e m p l o y i n g  at l e a s t  
o n e  a n d  p r e f e r a b l y  a f e w  s p a c e c r a f t .  W h e n c v e r  p o s s i b l e  m o r e  t h a n  
o n e   s p a c e c r a f t   a t   d i f f e r e n t   p a t h   o f f s e t s   f r o m   t h e   S u n   s h o u l d   b e   t r a c k e d  
s o  t h a t   s o l a r   e v e n t s   c a n   b e   c l o c k e d  a s  t h e y   p a s s   f r o l n   o n e   l i n e - o f - s i g h t  
to  t h e   o t h e r .  
The d u r a t i o n   a n d   n u m b e r .  of s p a c e c r a f t   s u r e l y   i n v o l v e s   s c h e d u l i n g  
c o n f l i c t s ,  s o  a s  m a n y  g r o u p s  as  p o s s i b l e  s p a c e d  a r o u n d  the wor ld  should  
pa r t i c ipa t e .  E igh ty - f ive  foo t  an lennas  and  10 kw t r a n s m i t t e r s ,  o r  e q u i -  
va len t  capabi l i ty ,  suf f ices  to  qua l i fy  a f ac i l i t y .  
A n  o r b i t  s i m i l a r  t o  t h e  D e c e m b e r  ( F i g .  3 ) o r  F c b r u a r y  l a u n c h  
( J u n e   o r   A u g u s t   s u p e r i o r   c o n j u n c t i o n )   o r b i t s  of S u n b l a z e r  a r e  recommencled.  
A t  l e a s t  o n e  s p a c e c r a f t  s h o u l d  h a v e  a n  o r b i t  t h a t  t a k e s  i t  a s  far a s   p o s s i b l e  
ou t  o f  the eclipLic plane,  even though Lhe payloacl h a s  Lo be simplifiec1,and 
capab i l i t y  s ac r i f i ced  to  l i gh ten  the  c ra f t .  A l t e rna t ive ly , a  m o r e  powerful 
boos te r  t han  the Scout  could be u s e d   a t   g r e a t c r   e x p e n s e .  
The s p a c e c r a f t -  p e r  se shou ld  have  the form sho\vn  in  F i g .  54 f o r  
s t ab le  pas s ive  a t t i t ude  con t ro l .  The  vanes  wi l l  be  cove red  wi th  so l a r  
cells and  the  f ron t  f ace  wi l l  have  an tennas  fo r  t he  fo l lowing  func t ions :  
S -band  up l ink ,  omni  and  20  db 
X-band upl ink ,  20 db 
X-band   t e l eme t ry   downl ink .  
T h e  o n > n i d i r e c t i o n a l  a n t e n n a s  a r e  f o r  t h e  t i m e s  b e f o r e  a n d  a f t e r  s u p c r i o r  
conjunct ion \vhcn the Earth is not  wit hi^^ Lhe 1 l 0  b c a m  of the  20  db  an tennas .  
F o r  launch  and  t lesp in ,  the  vanes  should  bc  fo lded  and  spacecraf t  enc losed  
in a s u i t a b l e  c o n t a i n c r .  The two s tages  of dcspin shown in Fig.  5 5  should 
be p a r t  of Lhis con ta inc r .  Af t c r  i n j ec t ion  and  desp in ,  t he  con ta ine r  i s  
d i s c a r d e d .  B e f o r e  t h e  f i n a l  p h a s e  of p a s s i v e  a t t i t u d e  c o n t r o l ,  t h c r e  i s  a 
phase  l a s t ing  abou t  2 weeks o r  l e s s  i n  wh ich  the  vanes  a re  pos i t i oned  on 
c o m m a n d  to p r e c e s s  t h e  s p a c e c r a f t  i n t o  i t s  f i n a l  S u n - o r i e n t e d  a t t i t u d e .  
The payload weight  should be  alot ted to  the fol lowing funct ions:  
S - b a n d  r e c e i v e r  
X-  b a n d   r c c c i v e r  
X-band  t r ansmi t t e r  
P o w e r  s y s t c n l  
H o u s c k c e p i n g  f u n c t i o n s ,  i. e . ,  t h e r m a l  c o n t r o l ,  e t c .  
R o l l  a x i s  a n g l e  s e n s o r  ( b a s e d  on S u n  s e n s o r )  
Da ta  r educ l ion  
D a t a  s t o r a g e  a n d  r e t r i e v a l .  
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T e m p t a t i o n s  t o  a d d  m o r e  e x p e r i m e n t s  s h o u l d  b e  r e s i s t e d ;  i. e. , t h i s  is a 
d e d i c a t e d  s p a c e c r a f t ,  a n d  e v e n  t h e  c l o s e l y  r e l a t e d  g e n e r a l  r e l a t i v i t y  
cxperiment  should not  be a l lowed to  compete  for  weight .  Any surp lus  
in unal loted weight  should not  be a s s i g n e d ;   r a t h e r  a l i g h t e r   s p a c e c r a f t  
should he launched into an o r b i t   f u r t h e r  ou t  of t h e   e c l i p t i c   p l a n e .  
D a t a   s t o r a g e   i n  a m e m o r y   c o r e   i s   r e q u i r e d   f o r   t w o   r c a s o n s .  
F i r s t ,  t h e  w e a k  d o w n l i n k  f o r  t e l c m c t r y  r e q u i r e s  a fo rmidab le  g round  an tenna ,  
u s u a l l y  a n  8 5 '  pa rabo lo id ,  bu t  a 2 1 0 '  i s  I -equi red  near  conjunct ion .  It  i s  
most  un l i lcc ly  tha t  a world-wide  nc t  of thcse c a n  be m a d e   a v a i l a b l e   t o  
m a i n t a i n  c o n t i n u o u s  t r a c k .  S e c o n d ,  t h e  t e l e m e t r y  l i n k  p r o b a b l y  w i l l  be 
i n t e r rup ted  a t  con junc t ion  (pa ' s sage  beh ind  the  S u n )  b e f o r e  t h e  experimental 
upl ink is i n t e r r u p t e d .  
T h e   d a t a   r e d u c t i o n   l o g i c   d e s e r v e s   m u c h   a t t e n t i o n  and  a s i zab le  we igh t  
a l l o t m e n t .  T h e  l o g i c  m u s t  i n t e r p r e t , a n d  t e l e m e t r y  m u s t  f u l . 1 ~  d e s c r i b e ,  
a w i d e  viJrjety of c o r o n a  p a r a m e t e r s  a n d  s o l a r  e v e n t s ,  s i n c e  t h e  i n v e s t i g a t o r s  
o n  t h e  g r o u n d  h a v e  n o  o t h e r  a c c e s s  to the  da t a .  The  fo l lowing  l i s t  g ives  
d e s i r a b l e  d a t a  r e d u c t i o n  f u n c t i o n s .  
-+ A v e r a g e   s t a t i s t i c a l   ~ n o m e n t s  of t he   s igna l   s t r eng th   and   phase  
of t h e  c a r r i e r  a n d  i t s  m o d u l a t i o n s .  
P o l a r i z a t i o n   d a t a .  
T i m e   a t   w h i c h  r a r e  e v e n t s   o c c u r r e d  as d e t e r m i n e d  by ex- 
c e e d i n g  v a r i o u s  t h r e s h o l d s  i n  t h e   d e r i v a t i v e s  of s igna l  
s t r e n g t h   a n d   p h a s e .  
S p e c i a l  m o d c s  f o r  s p c c i a l  experiments such  as t h e  i n t e r -  
f e r o m e t e r  l o b e s  s w e e p i n g  a c r o s s  the c r a f t .  
S a m p l e s  of r a w   d a t a   r e c o r d e d   f o r   t r a n s ~ n i s s i o n   a t  a r educed  
r a t e ,  e s p e c i a l l y  s a m p l e s  of r a r e  e v e n t s  or loss of S-band 
phase- lock   behind   the   Sun .  
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A P P E N D I X  1 
DEEIVATION O F  P U L S E  RISE T I M E  
CAUSED B Y  PLASMA DISPERSION 
T h e  p h a s e  of t h e  s i g n a l  p u l s e  a f t e r  t r a v e r s i n g  a pa th  length  z is 
wi th  
In the  r eg ime  w > U! a l though  thc  r ece ived  d i spe r sed  pu l se  exh ib i t s  
u n k n o w n  l ~ a n d u ~ i d t h  Aw, the  r i s c  t i m e  c a n  be ca l cu la t ed  a s  the  d i f fe rence  
b e t w e e n  a r r i v a l  t imes o i  the hulk  of t h e  e n e r g y  a n d  t h e  p r e c u r s o r  c o n -  
tr i lmtion. 
P' 
" 1  
I 
I T2 ' TO I 
T h e   i o r m e r   i s   t h e   t i m e  of a r r i v a l ,  o i  the   g roup  of f r e q u e n c i c s   c e n t e r e d  
0 '  
a r o u n d   t h e   c a r r i e r ,  N o .  The l a t t e r ,  7 i s  m a d e   u p   b y   t h e   i n c r e m e n t a l  
g r o u p  of f r equenc ie s  tha t  t r ave l  t he  f a s t e s t ,  name ly  the  ones  a t  t he  uppe r  
end o i  t h e  s p e c t r u m ,  w0 t A w / 2 . .  S i n c e  a r r i v a l  t i m e  i s  t h e  d e r i v a t i v e  of 
phase ,  t he  r i s e  t ime  i s  
2' 
Note that  w0 + A w / ~  c o r r e s p o n d s  t o  t h e  h i g h  f r e q u e n c y  p o r t i o n  of the 
p u l s e  s p e c t r u m  s i n c e  t h i s  i n c r e m e n t a l  g r o u p  t r a v e l s  w i t h  t h e  h i g h e s t  g r o u p  
veloci ty .   Expanding b l ( W o  t Aw/2) u p  Lo second   de r iva t ive   y i e lds  
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R i s e  time and  pulse b a n d w i d t h   a r c   r e l a t e d  b y  
A f  = 1 1 7  
S O  
A t  f r e q u e n c i c s  above 10 MHz 
($j”>> 1 
P 
Equat ion  (44) r e d u c e s  l o  
f i s  a funct ion of e l c c t r o n  d e n s i t y  a n d  is given as  
P 
(43 1 
(45 1 
Since  we a r e  i n t e r e s t e d  i n  i n t e g r a t e d  e l e c t r o n  d c n s i l y  ( e l / m 2  f o r  a g iven  
pa th )  we subs t i t u t e   Eq .  (47) into  Eq.  ( 4 6 )  and   i n t eg ra t e   a long  Lhe 
propagat ion  pa th  
2 7 =”- JN,dP, 
2cfo 3 
T h e  e l ec t ron  dens i ty  wi th in  20 r a d i i  is given a s  
N e =  - 1 0 l 2  m-3 
P 
2 
w h e r e  p = radial  offset  f l-on] the Sun in  sol l -ads ,  a s  u s u a l  
(49 1 
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w h e r e  r = Sun  rad ius  in 1n 
0 
b = perpend icu la r  pa th  o f f se t  i n  s o l r a d s  
Subs t i tu t ing  Eq. (49) in .  Eq. (48) and  in tegra t ing   y ie lds  channel l imi t ed  
p u l s e  r i s e  t i m e  
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A P P K N D I X  2 
INTEGRATED ELECTRON  DENSITY 
T h e   e l e c t r o n   d e n s i t y  as a funct ion of r a d i a l   o f f s e t  f r o m  the Sun in 
s o l r a d s  i s  g iven  a s  
1 0 l 2  N e =  -( e l / m  1 3 
P 
2 
I n t e g r a t e d   e l c c t r o n   d e n s i t y  is g i v e n   a s :  
I =  N d L  
S e  
w h e r e  d &  = r --*-- 
0 4 p 2  -b2 
r = Sun r a d i u s  in III 
b = p e r p e n d i c u l a r  p a t h  o f f s e t  i s  s o l r a d s  
0 
Subs t i tu t ing  Eq. (53) in Eq. (52)  y i e lds  
- 1 /  b ' c o s  \m1 I = 1 . 4  x 1 O 2 l  - b 
I i s  p lo t ted  in  F ig .  57 
( 5 3 )  
(54) 
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A P P E N D I X  3 
ANGULAR .ENERGY DISTRIBUTION IN 
THE LARGE SCATT'ERING REGIMX: 
W e  show that f o r  I a l -gc  sca t t e r ing ,  +,>> 1 ,  most. of the e n c r g y  
is  concen t r a t cd  i n  t he  h ighc r  d i f f r ac t ion  o rde r s ,  111 a c c o r d i n g  
to t h e   r e a l t i o n  1 
g = * c o s  - 
- 1 111 
S 
$0 
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Cont r ibu t i . on   i rom  the   two   s t a t iona ry   va lues  a r e  included  within 
those l i l n i t s .  No te  tha t  t e rms  in  (57 )  go  a s  l / \F0 .  Had we r e t a i n e d  
the next h i g h e r   o r d e r   t e r m  ( e  - p ) 3  in Ta 710 ' s  expansion (56)  a d -  
d i t i o n a l   t e r l n s   i n  (57)  would  dcca% as  (1 / t 5  p ) . 
The w e l l - k n o w n   F r e s n e l ' s   i n t e g r a l s  
0 
y ie lds  a f t e r  subs t i t u t ion  in ( 5 7 )  
- and is ske tched   be low 
I I I I 
I 
1 I 
m 
m=- 
0 
0 m= 
0 
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.time 
The j i t t c r  l~anc lwi t l i l~  J3 i s  e a s i l y  d e r i v c d  i f  we a s s u n l c  t : h e  followin[; 
pa th .  M!e choose  the f o l l o w i n g  e x p r e s s i o n s  
p dependence  jRcf .  24 ,  251 of u a n d  a to  hold ovex  the  en t i r e  i n t eg ra t ion  
u = 14 x p  25 K m l s e c  
a = 1 . 1 7 0 1631 1. 0 5  
a 
yield after in t eg ra t ion ,  
B(I1z) = 23  
f (GHz)  b 1. 3 5  
The in tegra t ion   p ;ocedurc  is  iden t i ca l   w i th   t he  one used   i n   t he   angu la r  
s c in t i l l a t i on  ca l cu la t ion .  Rcca l l  t he  l l n l i t cd  va l id i ty  of t h i s   e x p r e s s i o n ,  
s ince  it: is b a s e d  on sca le  s i z e  n lodc l s  fo r  a which  do  not  ex tend  I~e lo \v  
b = 8 . T h e  plot f o r  LI in F i g .  58 shows  rap id   change  i n  veloci ty  a s  
we a p p r o a c h  c l o s e r  to  the  Sun. W e  would expec t  ana logous  changes  fo r  
a , S O  if we app1.y e x p r e s s i o n  ( 2 )  at  o f f s e t   d i s t a n c e s  b srnal].er 
than 8 we undcres t i .n la te  the phase l~andwic l t l~  j i t t e r  by poss ib ly  an 
o r d e r  of ~magni tudc .  T!Iis i s  we l l  con f i rmed  by  F ig .  24 in the text  
w h i c h   c o m p a r e s   t h e o r e t i c a l   p r e d i c t i o n  based  on the  a b o v e   e x p r e s s i o n  
a g a i n s t   P i o n c c r   a n d   M a r i n e r ' s  data. 
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PATH OFFSET , b ( S O L A R  RADII  1 
F i g u r e  58 
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. A P P E N D I X  5 
’ Angular S c a t t e r i n g  
C o n s i d e r  a blob having a diamcte? (correlation length) .a and 
r e f r a c t i v e  i n d e s  l e s s  than a v e r a g e  by ax1 almount An. h wavefrout .. 
through t h e  c e n t e r  is advanced a distancc? of a b ”  relative to the ray 
t h a t  b a r c l g  misses t h e  b u l k  of the blob. Thcrcl‘ore t h e  angular devla t io l i  
for cne   b lob  he1 is abou t  aAn/(2/2) = 2J.n . The coe f f i c i en t  2 is by 
no nieans exact. It d e p e n d s  011 ~:nknou.n d e t a i l s  ahout  the shape of b lobs  
and how t h e i r   d e n s i t y   t a p e r s  off. 
T o  a n a l y z e   t h e   d e v i a t i o n  of a r a y  that passes through many blobs, 
2 
w e  c a n  a d d  the v a r i a n c c s < A e l  > a long  the p t h ,   s i n c e  t.he d i r z c t i o n s  of 
t he  dev ia t ions  a r e  r a n d o m  and s i n c e  very small r o t a t i n n s  act  l ike  vectors  
in tha t  co1nporler:ts m a y  t e  added .  Thc  blobs are g e n e r a i l y  assmned to 
be dense,  so  t h e r e  are about AX/: o f  thein in a distance AX aloi>g a. 
ray. In t eg ra t ing  along a ray passlng t h r c u g h  t h e  whole corona we f ; . d  
152 
where t h e  2 c o m e s  from i n t e g r a t i n g  only o-,rer half the symrnctrical  pa th ,  
Fig 1,. and thc upper l i m i t  w a s  called inli.nity mere1.y t o  s a y  t ha t  tlie outer  
reaches of t he  corona a r e  u n m c a s u r a b i e ,  and tt+erefol-e tlx! exact u p p e r  
limit is u n i m p o r t a n t .  
Cohen  and G u n d e r m a n n  [Kef. 251 give a and  rms hNe as 
functions of p , their Eqs. ( 5 )  a n d  (7), which read 
. .  
1-17 km p O5 = 1.68 x 10 sol. rad. p -6  ' .'1 . OS 
0.55 
, p < 3 0  
, p > 3 0  
a(p1 = { 6.35 km 5 5  = 9.13 x so l .  rad; p 
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